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ABSTRACT
An instrument, called a DELTA extensometer, has been developed to measure vertical
displacement in the subsurface with a resolution of less than 0.01 μm. The instrument is 2-mlong, and it is pushed below a vertical boring where it is anchored to the soil at either end.
Displacement of the anchors responds to changes in mass load caused by changes in water
content as well as other factors. The goal of this study is to evaluate the feasibility of using
subsurface displacement data to estimate average changes in moisture content and other
hydrologic processes. Ten extensometers were successfully installed in saprolite, loess, and clay
at depths from 3 m to 6 m.
The focus of this study is on four extensometers installed in saprolite near Clemson, SC.
The tops of three of the extensometers were at a depth of 6 m, and one was shallower at 3 m.
The water table rose from 9 m to 7 m during the study. The extensometers were initially above
the water table, but the water table was between the upper and lower anchors for most of the
study. The field site has been monitored since early 2012, with a nearly continuous record of
vertical displacements along with other data, including rainfall, water level in piezometers,
barometric pressure, pan evaporation, soil moisture, wind speed and other weather data used
to calculate evapotranspiration in the Penman Monteith equation.
Four factors were identified that cause displacement: pore pressure, barometric
pressure, temperature, and mass load from water and other sources. The effects of these
variables on displacement were evaluated by establishing loading coefficients using
environmental data from the field site. The loading coefficients at the four extensometers from
pore pressure ranged from 12 (±1) μm/kPa to 32 (±11) μm/kPa and from mass loads were 8 (5 to
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15) μm/kPa to 20 (14 to 34) μm/kPa. The numbers in parentheses are the uncertainty
characterized by one standard deviation. These coefficients were within the range of
uncertainty of the estimates, so it was concluded that they were essentially the same. The
barometric signal had smaller loading coefficients ranging from 1.8 (±1) to 4.2 (±0.6) μm/kPa,
and they changed as a function of time. The response to temperature fluctuations varied among
the extensometers and ranged from -0.3 (±17) μm/kPa to -37 (±5.8) μm/kPa.
The response of displacement to changes in surface moisture content was evaluated
following the removal of the signals resulting from pore pressure, temperature and barometric
pressure. The general behavior consisted of compressive displacements during rainfall, with
extension between rainfalls. A loading coefficient was established by correlating rainfall amount
to compressive displacement that occurred during individual rainfalls. The coefficient ranged
from 13 (±4) μm/kPa to 30 (±9) μm/kPa at the different extensometers, where the units are
converted to be similar to those used for the other loading coefficients. In general, the loading
coefficients from rainfall were similar to those for other processes, except barometric loading.
Displacement during most rainfalls was compressive and the magnitude was
proportional to the amount of rainfall, but there were exceptions. Sudden extension occurred
during or soon after some rainfalls. In these cases, the displacement was apparently a result of
processes other than the progressively increasing load that occurred as water accumulated at
the surface during rainfall. This response was particularly likely to occur during heavy rainfalls
that were preceded by other large rainfalls. This association with antecedent moisture suggests
that this response may be associated with rapid downward flow that could reduce the overlying
load and increase the pressure between the anchors, both of which would cause extension.
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Extension occurred between rainfalls and the displacement rate was converted to a rate
of change of water volume using the rainfall loading coefficient. The rates estimated from
displacement at the 6-m-deep extensometers were generally similar to the rate of change in
average surface moisture content measured using capacitance gauges, with correlation
coefficients of 0.72, 0.73, and 0.66. The results indicate that the extensometers respond to
changes in water content, but the details of their response differs from that of the capacitance
gauges, probably because of the difference in the averaging scales of the instruments. The
extensometers respond to changes in load averaged over a region that extends laterally
approximately twice their depth, and vertically over approximately half their depth on average.
This means that the 6-m-deep extensometers respond to changes in water content over 102 m3
to 103 m3. By comparison, capacitance gauges respond to changes in water content over
approximately 10-1 m3.
The overall findings of this study show that vertical displacements of approximately 100
microns occur on an annual cycle as a result of pore pressure and temperature changes, and
smaller displacements occur with shorter periods due to barometric pressure changes. Rainfall
causes compression whereas evapotranspiration and recharge cause extension, and these
effects are characterized most effectively following the removal of displacements from pore
pressure, temperature, and barometric pressure.
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CHAPTER 1: INTRODUCTION
Volumetric water content and pore pressure are basic intrinsic properties of porous
media and measurements of these properties are widely used to monitor hydrogeologic
processes. Changes in water content or pore pressure will deform porous media, so strain of
the solid skeleton of the porous media is also an intrinsic property that responds to hydrologic
processes. Strain at a monitoring point results from local changes, such as fluctuations in pore
pressure, but it is also caused by changes in loads applied at some distance from the
measurement point. For example, the strain at a point in the subsurface could be caused by
changes in the load applied at the ground surface. This raises the possibility that a strain sensor
at depth could be used as a tool for monitoring changes in loads resulting from fluctuations in
water content in the overlying soil.
An understanding of the spatial and temporal distribution of soil moisture is important
to a variety of applications, including agricultural irrigation (Ganjegunte et al., 2012; Fares and
Alva, 2000), flood prediction (Broxton et al., 2014), drought monitoring (Hunt et al., 2008),
weather and climate modeling (Seneviratne et al., 2010; Leese et al., 2001), ecological
monitoring (Robinson et al., 2008; Rodriguez-Iturbe, 2000), and hydrologic modeling
(Mahanama et al., 2012; Maurer and Lettenmaier, 2003). Soil moisture is known to exhibit high
spatial and temporal variability related to topography, meteorology, soil properties, vegetation,
and potentially other environmental factors (ex. Famiglietti et al., 1999). The high degree of
variability complicates area averaged measurements of soil moisture.
Despite the importance of soil moisture in various fields, a gap exists in the spatial scale
of measurement technologies. Measurement technologies can be divided into two categories:
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ground-based and remote sensing (Western et al., 2002). Ground-based techniques make in-situ
measurements of physical properties, whereas remote sensing techniques make ex-situ
measurements of reflected or emitted signals, primarily electromagnetic waves (Schmugge et
al., 2002). Ground-based techniques, like time domain reflectometry (Robinson et al., 2003) and
capacitance probes (Kelleners et al., 2004), have a support scale on the order of 0.1 m (Western,
2002), and satellite remote sensing techniques have a support scale in the order of 103 to 104 m
(Ochsner et al., 2013). The difference in scale between the two categories causes an
intermediate scale gap from 1 to 100 m.
The scale discrepancy between ground-based and remotely sensed technologies
impacts remote sensing validation and hydrologic modeling capabilities. Intensive field studies
indicate that spatial variability of soil moisture changes as a function of mean moisture content
(Brocca et al., 2010) and increases with extent scale (Famiglietti et al., 2008). This means that
the number of ground based measurements required to determine the mean moisture content
for remote sensing validation increases with scale and changes with the mean moisture content.
Hydrologic and land surface modeling is also effected by the incommensurate scales because
grid block scales commonly occur within the scale gap, which makes model validation difficult
(Beven, 2012; Overgaard et al., 2006; Artan et al., 2000). Current solutions to the intermediate
scale gap issue involve upscaling techniques for ground based data (Crow et al., 2012),
downscaling techniques for remotely sensed data (Kaheil et al., 2008), and temporal stability
analyses (Vanderlinden et al., 2012).
Another solution to the scale discrepancy issue is the development of hydromechanical
measurement techniques that enable area-averaged moisture estimates on the scale of 1 to
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100m (van der Kamp and Schmidt, 1997). Hydromechanical techniques correlate subsurface
pore pressure or displacement fluctuations with changes in near surface moisture. An increase
in mass due to an increase in near surface moisture content causes compression in the
subsurface, which results in an increase in pore pressure and compressive (negative)
displacement. Hydromechanical data also respond to changes in barometric pressure, earth
tides, temperature, and potentially other variables. The effects from these variables must be
separated from the overall signal in order to monitor moisture content using hydromechanical
measurements.
Strain was recognized in the opening paragraph as an intrinsic variable with the
potential to be used for monitoring hydrologic processes. Normal strain is defined as the
displacement per unit length, so the hydromechanical techniques outline above are essentially
using strain for hydrologic monitoring. Many strain measurements are based on measurements
made with displacement sensors, which are normalized by a constant (a characteristic length).
As a result, displacement and strain are closely related, and displacement can be more
convenient for some applications because it does not require normalization.
A hydromechanical instrument known as a DELTA (Displacement Extensometer for
Lysimetric Terrain Analysis) extensometer has been developed to measure vertical displacement
in the vadose zone. The instrument has been deployed at depths of 3 m to 10 m, and it is
affected by loading within a radial distance approximately two times its depth (Murdoch et al.
2015). Two extensometers (X3 and X4) were installed 6 m below the surface near Clemson, SC,
on January 2012 and April 2012. Approximately six months of data were used to demonstrate
that changes in displacement correlate to rainfall events (Freeman, 2012). Weekly average

3

dilational displacements were also consistent with estimates of evapotranspiration and
infiltration (Freeman, 2012; Murdoch et al. 2015). These initial results suggest that
measurement of displacement in the vadose zone is a viable technique for characterizing
changes in moisture content over scales of several meters to several 10s of meters.
The initial interpretation of displacement data from X3 and X4 was encouraging, yet
further assessment is needed to establish the viability of this technique for monitoring moisture
content changes, or other hydrologic processes. For example, it seems likely that changes in
pore pressure, temperature, and barometric pressure could affect the results, but those effects
were unexplored in the previous work. Moreover, a longer dataset was needed to demonstrate
that the technique was robust enough to provide data on at least a seasonal scale. X3 and X4
were installed as prototypes, and refinement of the design was needed for the instruments to
be installed reliably.

PURPOSE
The purpose of this research is to advance and demonstrate the viability of in-situ
hydromechanical monitoring for characterizing shallow hydrologic processes, with a particular
emphasis on changes in soil moisture over scales from 1 to 100 m. Such a technique would span
the current measurement gap and would have applications in many fields of research.

HYPOTHESIS/OBJECTIVE
The primary hypothesis is that subsurface displacement is caused by changes in
atmospheric pressure, pore pressure, temperature, and mass load resulting from changes in
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moisture content. It follows that addressing the effects of those different factors will improve
the accuracy of the technique.
The primary objective of this research is to assess the vertical displacement technique as
a method for monitoring hydrologic processes. A secondary objective is to develop a reliable
and repeatable method for installing and measuring DELTA extensometers.

APPROACH
The approach for completing the objectives outlined above is to develop a reliable
DELTA extensometer installation technique, conduct multiple field deployments, and analyze
short-term and long-term displacement data. Additional environmental data will be measured
and used to assist in identifying other environmental factors affecting displacement.

BACKGROUND ON SOIL MOISTURE MEASUREMENT TECHNOLOGIES
A variety of techniques are currently used to make direct or indirect soil moisture
measurements. The primary direct measurement technique is the gravimetric method (Robock,
2000; Romano, 2014). A soil sample of a known volume is weighed, heated to 105°C, and
weighed again. The difference between the two measurements is the total mass of water in the
sample. Total mass of water is divided by the original mass to determine the gravimetric water
content. The volumetric water content can be obtained by dividing the volume of water by the
total volume of the original sample. The gravimetric technique provides a direct water content
measurement, but it permanently disturbs the soil and inhibits repeat measurements. Indirect
techniques make measurements that depend on some physical property of soil (e.g. thermal,
chemical, or electrical) that is correlated to the water content of the soil. For example, indirect
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sensors can measure reflected neutrons, pore pressure, or relative permittivity (Dobriyal et al.,
2012). Using preexisting calibrations, the indirect measurements are converted to moisture
estimates.
Relative permittivity (also known as dielectric constant or dielectric permittivity) has
emerged as a particularly useful physical property for estimating moisture content (e.g.
Robinson et al., 1999). Once placed in an alternating electric field, polarized molecules tend to
align with the field and release energy once the field is stopped or reversed (Robinson et al.,
2003). Permittivity is the measure of a materials ability to store energy in an electrical field.
Relative permittivity is the permittivity of a material relative to the permittivity of free space.
The relative permittivity of air, 1, and common soil minerals, ~5, is much smaller than the
relative permittivity of water, 78 (Robinson and Friedman, 2003). The significantly larger value
for water means that the bulk relative permittivity of soil is primarily dependent on the
volumetric water content. Empirical calibrations of permittivity to soil water content are well
established (Topp, 1980).
Technologies exist to make indirect moisture measurements at multiple scales. Most
moisture sensors measure at the point scale (less than 1 m) or the large scale (greater than 100
m), but some techniques have been developed to span the intermediate scale gap (1 m to 100
m). Relative permittivity measurements, in particular, can be made across all scales. An
overview of common measurement techniques at each scale is given below.
Point Scale (less than 1 m)
Various types of in-situ sensors are employed to make point scale moisture
measurements (Walker, 2004). These sensors include tensiometers, gypsum blocks, neutron
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probes, capacitance probes, and time domain reflectometry probes (Dobriyal et al., 2012). The
small scale of ground-based techniques means that multiple measurements are required to
upscale moisture estimates larger than 1m. Distributed sensor networks are being implemented
at regional and global scales as a means to upscale point measurements (e.g. Robinson et al.,
2008; Dorigo et al., 2011; Schaefer et al., 2007). The in-situ nature of point scale techniques
does afford the ability to make measurements at multiple depths. Automated data loggers also
allow high temporal resolution for in-situ sensors. While several point-scale measurement
techniques are available, time domain reflectometry and capacitance techniques are among the
most common.
Time Domain Reflectometry
The time domain reflectometry (TDR) technique measures the travel time of a reflected
electromagnetic pulse along a transmission line. Metal waveguides, of various designs, form the
end of the transmission line (Robinson, 2003). The speed at which the pulse travels along the
transmission line is primarily dependent on the permittivity of the material surrounding the
wave guides (Robinson, 2003). The travel time along the transmission line is calibrated with
relative permittivity of the surrounding material, which can then be converted to moisture
content when installed in soil. The averaging volume of the TDR technique is dependent on the
waveguide geometry, but is on the scale of 400 cm2 multiplied by the length of the waveguides
(Walker, 2004).
Capacitance Probes
Capacitance probes measure the frequency of an oscillator that depends on the
dielectric properties of the enveloping material (Gardner et al., 1998). In the basic circuit design,

7

a capacitor is formed from two conductive rods with a dielectric material between them. The
rods are inserted into the soil, which becomes the dielectric material in the circuit. The
frequency of the oscillator is calibrated to relative permittivity, which is then converted to
volumetric moisture content (Gardner et al., 1998). The averaging volume of capacitance probes
is dependent on the probe geometry, but is in the range of 15 – 1000 cm3 (Parsons and
Bandaranayake, 2000; Visconti et al., 2014). Capacitance probes often require specific soil
calibrations for most accurate measurements, and measurements can be influenced by soil
temperature and salinity (Kelleners et al., 2004).
Intermediate Scale (1 m to 100 m)
A lack of technologies capable of intermediate scale moisture measurements has limited
the modeling capabilities and understanding of soil moisture variation across this scale, but
advances in intermediate scale technologies have enabled intermediate scale moisture
measurements to be made (Robinson et al., 2008). Some of the promising intermediate-scale
measurement technologies are ground penetrating radar, reflected cosmic ray neutron
detectors, and global positioning system measurements.
Ground Penetrating Radar
Ground penetrating radar emits high-frequency (10 MHz to 1 GHz), electromagnetic
waves into the subsurface and measures the arrival time and magnitude of the waves at a
receiver (Huisman, 2003). The speed of electromagnetic wave propagation through the
subsurface primarily depends on the relative permittivity of the soil (Huisman, 2003). The
penetration depth of GPR depends on the frequency of the emitted signal as well as electrical
conductivity of the soil (Huisman, 2003). The electrical conductivity of soil is dependent on clay
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content and salinity (Doolittle et al., 2007). Soils with high salinity or high clay content (high
conductivity) are not suitable for moisture estimates using the GPR technique.
Several different approaches exist for implementing GPR. For arrays with both the
emitter and receiver on the ground surface, electromagnetic waves can arrive at the receiver via
four wave paths: ground wave, reflected wave, refracted wave, or critically refracted wave
(Huisman, 2003). The averaging volume of the ground wave technique depends on the spacing
of antennas, width of antennas, and electromagnetic wave length (Huisman, 2002). A
comparison with TDR measurements has shown that ground waves can be used to successfully
estimate moisture content in the upper 10 cm of soil (Huisman, 2001). Multiple ground wave
transects have been used to map moisture variability on a scale of 60 x 60 m in a period of 75
minutes (Huisman, 2002). Reflected waves can be used to estimate average volumetric moisture
content between the emitter and reflector (Lunt et al., 2005). The use of reflected waves
requires a prominent reflector in the subsurface at a known depth (Lunt et al., 2005). Another
GPR approach is to deploy the emitter and receiver within separate boreholes (Alumbaug and
Chang, 2002). Cross-borehole tomography can be implemented to make 2-D or 3-D estimates of
soil moisture between the bore holes (Alumbaug and Chang, 2002). These three deployment
methodologies provide the ability to make intermediate scale moisture measurements near the
ground surface and at depth using GPR.
Reflected Cosmic Rays
Another intermediate-scale technique involves the measurement of cosmic ray
neutrons reflected from the ground surface (Zreda et al., 2008). Cosmic ray reflections are
moderated primarily by Hydrogen atoms, and the primary source of Hydrogen atoms in the
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environment is in the water molecule. Therefore, the number of reflected cosmic rays is
inversely proportional to the total moisture content near the ground surface (Zreda et al., 2008).
Reflected cosmic neutrons have been used to estimate moisture content on a horizontal scale of
700 m and depths ranging from 15 to 70 cm (Shuttleworth et al., 2010). The penetration depth
is a function of moisture content (Zreda et al., 2008). It should be noted that this technique
responds to any source of hydrogen (water vapor, surface water, snow, ect.) within the
measurement region, and these sources must be accounted for in the results (Zreda et al.,
2012). A cosmic ray neutron measurement network, COmic-ray Soil Moisture Observation
System (COSMOS), has been established in the United States with a goal to install 500 stations
(Zreda et al., 2012).
Global Positioning System Signals
Another intermediate-scale moisture measurement technique involves signals from
global positioning system (GPS) receivers with ground-based antennas (Larson et al., 2008a).
Ground based antennas receive electromagnetic signals directly from a satellite as well as
signals reflected from the ground surface (Larson et al., 2008a). The magnitude of the reflected
signal is dependent on the relative permittivity of the reflecting surface (Larson et al., 2008a).
Signal processing techniques have been developed to extract the reflected component from the
overall signal and estimate the moisture content from the relative permittivity of the surface
(Larson et al., 2010). Reflected GPS signals have been used to estimate moisture content up to 6
cm deep over an a scale of 1x103 m2 (Larson, 2010). The widespread existence of ground-based
GPS antennas provides the complete infrastructure needed for the implementation of this
technique around the world (Larson et al., 2008b).
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Large Scale (greater than 100 m)
Large-scale moisture measurements are made by remote sensing satellites which
measure the electromagnetic radiation from the ground surface (Schmugge et al., 2002). Lbands have been identified as the optimal electromagnetic wavelength (15-30 cm) for soil
moisture applications (Wagner et al., 2006). L-band microwaves are ideal because they are
insensitive to cloud cover, minimally sensitive to vegetation cover and soil texture, and have a
penetration depth of 5 cm (Jackson and Schmugge, 1995). Microwave radiometers are deployed
in orbit around the earth, and are used to make measurements of the brightness temperature of
the Earth’s surface. Brightness temperature is related to the emissivity of the Earth surface
which is related to its relative permittivity and therefore moisture content (Jackson and
Schmugge, 1995). A series of empirical relationships between these variables have been
established that allow surface soil moisture estimates to be made from microwave radiometer
measurements. The primary advantage of remote sensing techniques is the global coverage with
approximately 3 day temporal resolution (Entekhabi et al., 2010).
Hydromechanical Techniques
Hydromechanical techniques use strain or deformation to characterize hydrologic
processes or properties. Some applications make use of strain or deformation measurements
directly, whereas others consider the effects of strain on the pore pressure (e.g. van der Kamp
and Schmidt, 1997). Hydromechanical techniques have been used during well testing (Svenson
et al., 2007; Schweisinger et al., 2011), but the applications of importance here are related to
characterizing changes in water content or other processes in the shallow vadose zone.
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An increase in water content at shallow depths will compress the underlying soil,
causing negative vertical displacement and increasing the pore pressure (van der Kamp and
Schmidt, 1997; Freeman, 2012; Murdoch et al. 2015). The concept is that the magnitudes of
pore pressure change and displacement can be used to estimate the change in load applied by
the increase in water in the overlying soils, and this will provide insights into hydrologic
processes.
A complicating factor is that barometric pressure, Earth tides, temperature, and possibly
other processes influence subsurface displacement and pore pressure, potentially obscuring the
influence from hydrologic processes. As a result, the effects of the processes causing significant
hydromechanical signals must be separated from the effects of interest.
Total stress in the subsurface, σt, is affected by changes in effective stress, σe, and pore
pressure, p, according to (Wang, 2000; Fetter, 2001)

(1.1)

where Δ is incremental change and αB is Biot-Willis coefficient. For unconsolidated, saturated
porous media αB = 1. The sign convention for stress is positive for tension and negative for
compression. Only changes in vertical stress for an undrained scenario are considered in the
following analyses. An applied load causes an increase in total stress that is distributed between
effective stress and pore pressure according the loading efficiency, γ, (Wang, 2000; Van der
Kamp and Gale, 1983)

(1.2)
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and

(1.3)

where 0<γ<1 and

is an applied load that can be a distributed load (e.g. barometric pressure)

or a point load (e.g. vehicle).
Changes in total vertical stress at a depth d are assumed to result from changes in the
body forces in the overlying material,
changes in strain due to Earth tides,

changes in the barometric pressure,

, and

,

(1.4)

where E is Young’s Modulus, and C1 is a constant that depends on formation properties. For a
laterally extensive formation with no horizontal strain (Murdoch et al., 2015)

(1.5)

where v is Poison’s ratio. The body force in eq. (1.4) can be written

∫

(1.6)

where rt is the wet bulk density and g is the acceleration of gravity. The wet bulk density is the
ratio of the total mass to the total volume of the soil, so it varies with volumetric moisture
content,

according to
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(1.7)

where rB is the bulk density of the solid (ratio of mass of solids to total volume) and rw is the
density of water. Bulk density of the soil and water are assumed to remain constant, so eq. (1.7)
can be written as

∫

(1.8)

and it follows that

̅̅̅̅

(1.9)

where ̅̅̅̅ is the average change in water content over 0<z<d. Equating (1.9) and (1.4) gives

̅̅̅̅

(1.10)

Equating (1.10) and (1.1) and rearranging yields

̅̅̅̅

(1.11)

According to eq. (1.11), changes in average water content at shallow depths can be monitored
by measuring changes in effective stress, pore pressure, barometric pressure, and earth tides.
This forms the basis of hydromechanical methods for estimating changes in water content.
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Effective stress and pore pressure are not typically known at the same location.
Therefore, hydromechanical techniques have been developed using either pore pressure or
effective stress measurements individually. Equating (1.10) with (1.2) and rearranging gives pore
pressure change due to an applied load,

, as

̅̅̅̅

[

]

(1.12)

Similarly, equating eq. (1.10) with eq. (1.3) gives effective stress due to loading,

̅̅̅̅

[

, as

]

(1.13)

Changes in pore pressure and effective stress are also caused by temperature changes
and hydrologic changes in the subsurface. These subsurface fluctuations do not induce a change
in total stress. Therefore, it can be deduced from eq. (1.1) that for these non-loading
fluctuations

(1.14)

Changes in pore pressure will occur due to changing hydraulic conditions in the subsurface. The
fluctuating pore pressure will be accommodated in the formation by a change in effective stress
so that

(1.15)
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where

is pore pressure due to hydrologic fluctuations and

is effective stress due to

hydrologic fluctuations. Temperature fluctuations will cause thermoelastic deformation of the
formation matrix which will cause changes in effective stress that are equal to change in pore
pressure where

(1.16)

where

is change in effective stress from temperature fluctuations,

thermal expansion,

is temperature, and

is coefficient of

is change in pore pressure from temperature

fluctuations. The total effective stress can be determined by adding eqs. (1.13), (1.15), and
(1.16) so that

̅̅̅̅

[

]

(1.17)

Rearranging eq. (1.17) to solve for average volumetric moisture content yields

̅̅̅̅

(

)

(1.18)

If each of the variables on the right side of eq. (1.18) can be measured or estimated, the
volumetric moisture component of effective stress can be calculated. The same procedure can
be applied to pore pressure by adding eqs. (1.12), (1.15), and (1.16) so that

[

̅̅̅̅

]
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(1.19)

and rearranging eq. (1.19) gives

̅̅̅̅

(

)

(1.20)

The volumetric moisture component of pore pressure can be determined by measuring or
estimating all variables on the right side of eq. (1.19).
Loading efficiencies near end member values (one or zero) create unique conditions
that require only pore pressure or only effective stress measurements to estimate total change
in volumetric moisture content. If loading efficiency equals 1.0, the loading component of
effective stress is zero in eq. (1.13) and the load in eq. (1.12) is totally borne by pore pressure.
This means that the pore pressure response is directly proportional to the total change in
moisture content (as well as the barometric pressure and Earth tides). The opposite condition is
true if loading efficiency is zero. Total change in moisture content can be determined with only
effective stress measurements in eq. (1.13). To date, hydromechanical techniques have been
implemented in particular geologic formations that have loading efficiencies near one (eg. van
der Kamp and Schmidt, 1997) or near zero (Freeman, 2012). If both pore pressure and effective
stress measurements were made simultaneously, the hydromechanical method could be applied
in any geologic setting.
Pore Pressure
The first implementation of hydromechanical monitoring was done by making pore
pressure measurements in confined aquifers (van der Kamp and Mathius, 1991). Loading
efficiency is near one within laterally extensive and confined aquifers with an effective elastic
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modulus less than that of water. Under these conditions, pore pressure change is equal to the
change in the magnitude of a widely distributed surface load (van der Kamp and Mathius, 1991).
If vertical flow is negligible and temperature changes are small, eq. (1.20) is reduced to

̅̅̅̅

(

)

(1.21)

If the pore pressure signal from barometric pressure and earth tides is removed (e.g. Barr et al.,
2000), eq. (1.21) reduces to

̅̅̅̅

where

(1.22)

is the adjusted pore pressure,

. In ideal geologic

formations with a loading efficiency near one, changes in total moisture content are directly
proportional to adjusted pore pressure.
If wells within confined aquifers are open to the atmosphere, the loading efficiency is
determined indirectly. Barometric pressure acts on the water in the well and on the formation
simultaneously (Ferris et al., 1962). In this scenario, the change in pore pressure caused by
barometric pressure fluctuations,

, is known as barometric efficiency, b, where

(1.23)

Barometric efficiency and loading efficiency are related by (Bardsley and Campbell, 1994)

(1.24)
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Barometric efficiency is determined by inserting barometric pressure and pore pressure data
into eq. (1.23), and loading efficiency is determined indirectly using eq. (1.24). Eq. (1.23) can be
rearranged and inserted into eq. (1.21) so that

̅̅̅̅

(

)

(1.25)

Eq. (1.25) is appropriate for pore pressure measurements in confined aquifers using pressure
transducers that are vented to the atmosphere.
It can be challenging to determine a priori if a particular aquifer is sufficiently isolated
from vertical flow for the hydromechanical technique. Fractures commonly exist within
confining units which make the underlying aquifer less ideal for hydromechanical analyses (Barr
et al., 2000). If this is the case, the assumption for eq. (1.21) is only partially true and eq. (1.22)
results in a term for the vertical flow of groundwater so that

̅̅̅̅

(

)

(1.26)

The component for vertical groundwater flow in eq. (1.26) must be accounted for which
complicates the technique.
Due to the difficulty encountered with vertical groundwater flow in partially confined
aquifers, the hydromechanical technique was employed in thick, clay aquitards (van der Kamp
and Schmidt, 1997). The high compressibility and low permeability of clay results in a loading
efficiency near one. Pore pressure fluctuations within these formations respond primarily to
changes in barometric pressure and moisture load (van der Kamp and Schmidt, 1997). Thick,
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unfractured aquitards provide an ideal setting to apply the hydromechanical technique, but
piezometers in these formations are less common than those in confined aquifers (Smerdon et
al., 2014).
Displacement
The displacement hydromechanical technique indirectly estimates the vertical effective
stress component using subsurface vertical displacement measurements. If lateral strain is
disregarded, effective stress can be described using vertical strain (Wang, 2000, pg. 63)

(1.27)

where εzz is vertical strain. Vertical displacement, δ, is related to vertical strain by

(1.28)

where L is length over which the measurement is taken. Rearranging eq. (1.28) and inserting
into eq. (1.27) yields

(1.29)

and rearranging eq. (1.29) to solve for displacement gives

(1.30)

Inserting eq. (1.30) into eq. (1.14) and rearranging gives all components of subsurface vertical
displacement as
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̅̅̅̅

[

]

(1.31)

and rearranging eq. (1.31) further gives volumetric moisture content as

̅̅̅̅

(

)

(1.32)

This strategy is particularly relevant to the vadose zone where the high compressibility of airfilled pores essentially decouples the pore pressure from load changes at the ground surface. In
the vadose zone, the loading efficiency is expected to be near zero. This result means that it is
possible to measure the entire surface loading component using only subsurface displacement
measurements.

A hydromechanical monitoring technique has been developed to measure subsurface
vertical displacement over a length of 1.5 m with a resolution of 1E-8 m. The instrument
developed for this application is known as a Displacement Extensometer for Lysimetric Terrain
Analysis (DELTA extensometer or DEL-X). Nearly six months of initial field data indicate that
DELTA extensometers do respond to components of the hydrologic cycle. Two extensometers
(X3 and X4) have been installed at a depth of 6 m near Clemson, SC. Displacement verses rainfall
correlations of -0.16 μm/mm and -0.66 um/mm were established for X3 and X4 respectively
using precipitation events greater than 5 mm (Freeman, 2012). Weekly water loss estimates
from are also consistent with evapotranspiration estimates using the Penman-Monteith
equation (Murdoch et al., 2015). Data from X4 had a substantial drift of -15.5 µm/day which
limited the ability to make interpretations from longer term data.
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The initial results of the DELTA method were promising, but further investigation was
required to fully assess its usefulness as a moisture monitoring technique. All of the components
of eq. (1.31) were not taken into account with the initial analysis of displacement data. It is the
purpose of this thesis to develop techniques to account for each of the components in order to
most accurately assess the changes in total moisture content. The details of data acquisition and
data analysis are outlined in the Methods section below.
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CHAPTER 2: METHODS
The primary activities of this study were the development of new installation and data
analysis procedures for DELTA extensometers and the resulting displacement data. Tools were
designed and developed for field deployment of four extensometers near Clemson, SC, two
extensometers near Holdredge, NE, two extensometers near Umbarger, TX, and two
extensometers approximately 30 km east of Lockney, TX. The primary focus of this thesis will be
the Clemson field site. A series of analytical and empirical data analysis procedures were
established to process the displacement data. These analyses were used to evaluate the
components of subsurface displacement and to assess the viability of displacement
measurements as a hydrologic monitoring technique.

INSTRUMENTATION
The success of this study depended on the repeatable deployment of instruments
capable of high resolution measurements of vertical displacement. The design of the
instrumentation and the deployment procedure are outlined below.
Design
Field equipment consisted of the DELTA extensometer, displacement transducer, other
downhole components, and tools for facilitating deployment.
DELTA Extensometer
The DEL-X is a 2-m-long by 22-mm-diameter, cylindrical device with two 0.3-m-long
anchors on the ends (Fig 2.1). The upper anchor is a tube with a diameter of 25.5 mm, whereas
the bottom anchor is a rod with a diameter of 23.5 mm. The anchors are connected by a 19-mm-
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diameter rod. The upper and lower anchors and the connecting rod were made from fiberglass
for the extensometers used here. The connecting rod is surrounded by a 22.4-mm-diameter
aluminum sleeve, which separates the rod from the soil (Fig 2.1).

(adapted from Murdoch et al., 2015)
a)

b)

Figure 2.1 A schematic (a) illustrates an installed extensometer (not to scale), and a photograph
of a DEL-X before installation (b) shows the actual size of the extensometer.
The anchors of the DEL-X were intended to grip unconsolidated material by friction.
This was accomplished by inserting the extensometer into a cored hole with precisely known
dimensions and by incorporating a taper on the lower sides of the anchors. The lower anchor
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has a 2.5-cm-long, conical tip to aid the insertion of the extensometer into the cored hole.
Above the pointed tip, the diameter of the lower anchor is 23.5 mm. The bottom of the tube
that is the upper anchor tapers gently from 22.4 mm up to 25.5 mm in diameter over a distance
of approximately 7.5 cm (Fig 2.2). The remaining top section of the upper anchor was roughened
with a coarse file to increase the friction with the soil. The tapers push the soil radially outward,
generating an inward normal force designed to increase the frictional force between the anchor
and the enveloping soil.

Figure 2.2 The fiberglass anchors were made from a 25.5-mm-diameter fiberglass tube (upper
anchor, left) and a 23.5-mm-diameter fiberglass rod (lower anchor, right).

The inner fiberglass rod was bonded with epoxy to a socket in the top of the lower
anchor, forming a rigid structure that spans the length of the extensometer (Fig 2.1 & Fig 2.2). A
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stainless steel threaded rod (3/8-16 UNC left hand) was bonded to a socket in the top of the
fiberglass rod. A stainless steel nut was placed against the top of the fiberglass rod with
approximately 6-mm of the threaded rod extending beyond the nut (Fig 2.3). The top surface of
the stainless steel rod was turned smooth on a lathe and served as the reference surface for
displacement measurements.

Figure 2.3 Stainless steel threaded rod and nut mounted on top of the inner fiberglass rod of
the extensometer.

An anchor support ring was bonded to the top of the upper anchor. The ring was
machined from 410 stainless steel, which has sufficient magnetic permeability to be readily
attracted to a magnet. The ring was flat on the top and tapered to a central hole approximately
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10 mm in diameter (Fig 2.4). The smooth upper surface of the ring was used as a bearing
surface for the displacement transducer housing, and the tapered hole guided the transducer to
the top of the threaded rod bonded to the inner fiberglass rod.
The compliance between the
upper and lower anchors was kept
high by cutting transverse slots in the
aluminum sleeve. Sets of three
transverse slots were cut
approximately ¾ of the way through
the diameter of the sleeve. Two slots
were cut from the same side, and a
slot between them was cut from the

Figure 2.4 The anchor support ring (silver piece) was
bonded to the top of the upper anchor (green tube).

opposite side of the sleeve. The slots were parallel and approximately 5 mm apart. This pattern
of three slots created flexures in the wall of the sleeve that provided significant axial compliance
while retaining radial strength. The primary role of the sleeve was to decouple the inner rod
from the soil, allowing the movement of the inner rod to match that of the lower anchor.
This instrument design allowed the displacement between the upper and lower anchors
to be measured while the extensometer was installed within cohesive soil. The displacement
measured between the top of the upper anchor and the top of the inner rod was the same
displacement between the two anchors. The aluminum sleeve ensured that the anchors were
the only segments of the extensometer in frictional contact with the soil and that the anchors
were allowed to move independently.
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Displacement Transducer
The displacement measurements were made using a contact displacement sensor
known as a differential variable reluctance transducer (DVRT). The DVRT used for this research
was the MicroStrain SG-DVRT configured to its “nano” resolution. The SG-DVRT has a span of 0.5
mm and a resolution of 10 nm (LORD MicroStrain, 2013). The body of the sensor is a 50-mmlong, stainless steel, threaded cylinder (3/8-24 UNF threads). A 2-mm-diameter spring-loaded
core, with a 4.8 mm diameter ball attached to the tip, protrudes from the end of the main body
(Fig 2.5). The output of the DVRT changes as the spring-loaded core moves in and out of the
main body.

Figure 2.5 The MicroStrain SG-DVRT is composed of a stainless steel threaded body with a
protruding, spring-loaded, ball tipped core.
The output of the DVRT is an alternating voltage with a frequency that is related to the
displacement of the spring loaded core. The alternating voltage frequency was converted to 0 to
5 V of direct current by a MicroStrain demodulator (model DEMOD-DC). The demodulated
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voltage was converted from analog to digital using a Symmetric Research 24-bit analog to digital
converter (model SER1CH-UA-1in). The digital voltage data was collected and stored by a data
logger (Campbell CR800 or CR1000) at the ground surface. A factory calibrated 7th order
polynomial was used to convert the voltage to displacement. The calibration is accurate over a
0.5 mm span of the total 8 mm span of the spring-loaded core.
Sensor and Electronics Housing
The DVRT, DMOD, and A/D board were deployed down hole within a housing that seats
on top of the upper anchor (Fig 2.6). The purpose of the housing was to keep the electronic
components in a safe, dry, and thermally stable environment, and to deploy the DVRT in a
repeatable manner. The DVRT was attached to the bottom of the housing and deployed on the
upper anchor of the DEL-X. The DMOD and A/D board were placed inside of the housing. In
addition to the displacement measurement components, the housing also contained a
thermistor for temperature measurements within the casing.

29

Figure 2.6 The main body of the housing contains the electronics components for converting
the DVRT signal. The DVRT is attached to the housing by the DVRT holder and six threaded rods.
A blue, 30.5-cm-long ruler is included for scale.

The housing was made of a 0.3-m-long, 1-1/4-inch, PVC pipe with two aluminum
couplings attached at each end. The couplings were 50 mm in diameter, so they fit snugly inside
of the 2-inch (nominal) PVC pipe used to case the borehole (52.5 mm inner diameter). Two PVC
bushings (1-1/4-inch x ½-inch) were attached to the aluminum couplings on each end of the
housing. Two cord grips (McMaster-Carr part number 7529K17 and 7529K201) were attached to
the bushings to provide strain relief for the cables passing through the housing. A category-5
cable went from the data logger into the top of the housing, and a 1.7-mm-diameter Teflon
coated wire went from the bottom of the housing to the DVRT.
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Three, 13-cm-long, threaded rods (10-24) were attached to the bottom of the housing
to create a stand-off for the DVRT holder. The rods were connected to three additional 13-cmlong threaded rods (6-32) by a stainless steel disk (4 cm diameter, 1.4 cm thick) (Fig 2.7). The
three, 6-32, threaded rods were attached to the DVRT holder. The six threaded rods functioned
as a standoff between the electronic housing and the DVRT holder. This design enabled the
DVRT holder to pass through a narrow opening at the bottom of the casing and rest on top of
the upper anchor of the extensometer.

Figure 2.7 Six threaded rods (size 10-40 and 6/32) were joined at a stainless steel
disk to create a standoff separating the instrument housing from the DVRT holder.

The DVRT holder is a 2.2-cm-long by 2.4-cm-diameter aluminum rod with a taper that
extends 0.4 cm up from the bottom of the holder (Fig 2.8). The vertical axis of the holder was
tapped with 3/8-24 threads for the DVRT itself. Three threaded holes were tapped with 6/32
threads located 120 degrees from one another around the vertical axis of the holder (Fig 2.8a).
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These threaded holes were used to connect the rods from the electronics housing standoff.
Three 3-mm-diameter holes were also drilled at 120 degrees from one another around the
vertical axis, and cylindrical neodymium magnets were bonded into these holes with epoxy. The
magnets protruded approximately 1 mm beyond the DVRT holder, and they served as the
bearing surface between the DVRT holder and the anchor support ring. The side of the DVRT
holder was also tapped with a 10-32 thread, and a nylon-tipped set screw was inserted to lock
the DVRT in place (Fig 2.8b).

a)

b)

Figure 2.8 The bottom view of the aluminum DVRT holder (a) shows the neodymium magnets
and holes for threaded connecting rods and the DVRT. The side view of the DVRT holder (b)
shows the threaded hole for a plastic-tipped set screw and the taper at the bottom of the
holder. A 6.5-cm-long toothpick is included for scale.
Installation and Deployment Tools
Three tools were developed to facilitate installation of the extensometers. One tool was
a tapered sleeve to be installed inside the bottom of the casing. The taper on this sleeve was
used to centralize the extensometer, the coring tool and DVRT, and any other tools deployed to
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the bottom of the casing. This device was called a “funnel” because of its tapered shape. The
funnel was made of three standard PVC pipe fittings: 1 ½ inch x 1 inch slip bushing, 1 inch
coupling, and an approximately 3-cm-long piece of schedule 40 PVC pipe. A 45 degree bevel was
cut into the inside of the top of the bushing to give the desired taper. A 45 degree bevel was
also cut into the outside of the bottom of the three PVC fittings to assist funnel insertion. The
three fittings were connected to form the funnel (Fig 2.9).

a)

b)

Figure 2.9 Bevels were cut on the inside (a) and outside (b) of the PVC fittings which were
connected to form a tool used to guide the DEL-X and other tools lowered to the bottom of the
casing.

A funnel installation tool was developed to properly insert the funnel. This tool consists
of a 9.8-cm-long and 2.6-cm-diameter plastic rod with a pointed tip, which was connected to a
threaded rod (5/8-inch, coarse) with two nuts and a washer attached (Fig 2.10). The washer is
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4.7 cm in diameter and does not fit into the upper bushing of the funnel. This tool was used to
keep the inside of the funnel open as it was pushed into soil at the bottom of the casing.

Figure 2.10 The funnel inserter tool was used to install the funnel in the bottom
of the casing and keep soil out of the center of the funnel during the DEL-X
installation process.

A drive head was used to hold the extensometer when it was inserted into the casing.
The tool is made of a 2.2-cm-long by 2.4-cm-diameter stainless steel body connected to a 3.1cm-long threaded (3/8-16 UNC LH) socket on one end and a threaded rod (5/8-11 UNC) on the
other (Fig 2.11). The design enabled the drive head to be attached to the threaded rod at the
top of the inner rod of the extensometer (Fig 2.3) while contacting the top of the anchor support
ring during the installation process. Use of the drive head provided a fixed distance between the
upper anchor and the top of the inner rod following extensometer installation.
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Figure 2.11 The drive head is a tool used to install extensometers. The thin shaft on
the bottom has a threaded socket that attaches to the top of the inner rod of the DELX, and the flat surface of the drive head body (where the thumb is touching) contacts
the top of the upper anchor.

Two tools were developed to register the DVRT near the center of its operational span
of 0.5 mm. One device, called the Gap Tool, was used to measure the gap between the top of
the upper anchor and the top of the inner rod of a deployed DEL-X. This gap was the distance
spanned when the DVRT was deployed. The Gap Tool is a 9-cm-long by 2.5-cm-diameter
aluminum tube with a 0.6-cm-diameter, sliding, inner rod with a rounded tip (Fig 2.12). The rod
moved in and out of the aluminum tube on a friction bearing. Three neodymium magnets were
embedded in the bottom of the Gap Tool and a set screw was installed in the side of the
aluminum body. A threaded rod (5/8-11 UNC) was connected to the top of the Gap Tool along
with four nuts and two washers which function as centralizers. The Gap Tool was lowered onto
the upper anchor and mimics the deployment of the DVRT and DVRT holder.
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a)

b)

Figure 2.12 The main body of the Gap Tool is made of an aluminum tube with a retractable
inner rod. The retractable inner rod and three neodymium magnets at the base of the Gap Tool
function similarly to a DVRT and DVRT holder. A set screw holds the rod in place after
deployment.

The other deployment tool was the DVRT Set-Up Tool. It is a 4.8-cm-long by 2.5-cmdiameter steel tube with a cap and threaded hole on one end. A threaded rod (3/8-24 UNF) and
locking nut were inserted into the threaded hole (Fig 2.13). The Set-Up Tool mimicked the upper
anchor and the inner rod of the extensometer. The Gap Tool and Set-Up tool were used
together to register the DVRT, as outlined in the Installation section.
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Figure 2.13 The DVRT Set Up Tool is used to register the DVRT within its optimal
range before it is deployed downhole.

Well Head
Several iterations of well head designs were implemented over the duration of the
extensometer research. The purpose of the well head was to cap the top of the casing to
prevent water and debris from entering the casing, allow cables into the casing, and provide a
support structure for suspending equipment in the casing. The most common design was
composed of a 2-inch by 2-inch rubber coupling, an approximately 15-cm-long piece of 2-inch
PVC pipe, a 1 1/2-inch PVC wye fitting, two 1 1/2-inch by 1/2-inch PVC bushings, a cord grip
(McMaster-Carr part number 7529K17), and a 0.5-inch PVC plug (Fig 2.14). A 1 15/16-inch eye
bolt was screwed through the top of one of the couplings with the eye positioned on the 1 1/2inch side of the coupling. Dow Corning 734 flowable sealant was applied to the screw on the
1/2-inch side of the wye fitting to maintain a water-tight seal. The wye fitting was attached to
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the 2-inch PVC pipe, and the two couplings were attached to the wye fitting using PVC glue. The
eye bolt was used to attach the support cable to the electronics housing, and the cord grip was
used to create a seal where the cat-5 data cable passed out of the casing. Once the well head
was complete, the flexible coupling was used to connect the well head to the casing by
tightening the hose clamps (Fig 2.14). These well heads were used for X3 and X4 casings.
A similar well head design was used for the X7 casing. This well head was made of a 2inch by 1 1/2-inch rubber coupling, a 1 1/2-inch by 1/2-inch PVC bushing, a 1/2-inch PVC nipple,
a metal T-fitting, a chord grip, and a 1/2-inch PVC plug (Fig 2.14). The PVC plug was drilled with
two small holes, and the support cable was tied to the plug. The casing is vented to the
atmosphere by the holes drilled in the plug.
A different well head design was implemented for the X5 casing. The design had fewer
parts and reduced the chance of an air leak at the well head. It was made of a 1 1/2-inch kpacker, a 1 1/2-inch by 1/2-inch PVC coupling, and a cord grip (McMaster-Carr part number
7529K17). The pieces were assembled, and a cat-5 cable was run through the well head. The
well head was pushed inside of the 2-inch PVC pipe, and the cable connected to the electronics
housing was tied to the cat-5 cable near the well head (Fig 2.14).
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a)

b)

c)

Figure 2.14 Three different well head designs were used for a) X3 and X4, b) X5, and c) X7.

Installation
The installation and validation of DELTA extensometers took place in three steps: casing
installation, extensometer installation, and transducer deployment.
Casing Installation
The first step in the process was to install a 2-inch (nominal), schedule 40, polyvinyl
chloride (PVC) pipe to provide access to the subsurface. A 4-inch, solid-stem auger was used to
drill a 10.2-cm-diameter hole to a depth of 5.5 m using a truck-mounted geoprobe. Then the
cuttings were cleaned out and the hole was extended to a depth of 5.9 m using a 4-inch, handheld, bucket auger. A 6.1-m-long section of 2-inch PVC pipe with a beveled end and a centralizer
was lowered into the hole. The PVC pipe was hammered approximately 7.6 cm into the bottom
of the augered hole. The annulus was filled with low viscosity cement using a hand pump and
1/2-inch plastic tubing. Hammering the PVC pipe into the bottom of the hole prevented cement
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from entering the pipe from the bottom. The result was a pipe sealed on its sides and open to
the soil on its bottom. The installed pipe is hereafter called the casing.
Extensometer installation
The next step was the installation of the extensometer itself. A 7.6-cm-deep hole was
augered inside the casing using a 1-3/4-inch bucket auger. Then, the funnel was dropped into
the empty casing. The funnel inserter tool was attached to extension rods (AMS hand auger rods
with 5/8-11 UNC thread) and used to seat the funnel into the augered hole. The funnel served as
a centralizer for tools and instruments.
Following the emplacement of the funnel, a 1.8-m-deep hole was made below the
casing using a 22-mm-diameter coring tool and a slide hammer. I used an AMS “regular soil
probe,” which is 0.83-m-long and has a slightly flared head and a 0.35-m-long slot in the side to
facilitate removal of the soil core. The soil was removed in increments of approximately 0.45 m.
This required four runs with the soil probe to reach a total depth of 1.8 m. The diameter of the
top of the soil probe was slightly larger than the rest of the probe because of a weld bead used
to attach a hexagonal fitting. The weld bead increased the size of the hole and caused the size of
the hole to increase slightly with each run. This caused the diameter of the hole below the weld
bead (the lower 1 m) to be smaller than the upper part of the hole, and in general, the number
of runs into the hole with the soil probe was minimized to limit variability.
It is important for the hole to be slightly smaller than the extensometer to ensure
sufficient friction between the anchors and cohesive soil. The soil probe coring tool creates a
slightly tapered hole and the diameter of the hole varies with the soil type and the number of
runs with the coring tool. For this reason, a gauging technique was implemented to measure
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the hole dimensions before the installation of the extensometer. The size of the hole was
measured as function of depth using gauging cylinders, which were machined from aluminum,
with diameters of 25.4, 23.2, and 22.1 mm. The procedure was to drop the smallest gauging
cylinder into the hole on a graduated tape. The cylinder came to rest where the hole was equal
to its diameter or reached the bottom of the hole. The depth was recorded and the cylinder was
removed. A piece of vinyl tape was wrapped around the cylinder which increased its diameter
by 0.25 mm. The cylinder was then dropped back into the hole and a new depth was recorded.
This procedure was repeated, with a larger cylinder swapped out as needed, until the entire
length of the hole was measured.
Once the appropriate size of the cored hole was verified, the extensometer was
installed. To do this, the socket of the drive head was connected to the threaded rod on top of
the inner rod of the DEL-X. The threaded rod of the drive head was then connected to a series of
extension rods and the extensometer was lowered into the casing. Extension rods were used to
push the instrument into the cored hole by hand until the resistance was unable to be
overcome. Then an AMS slide hammer was attached to the top extension rod and was used to
hammer the extensometer to the appropriate depth. Before slide hammering began, the
extension rods were marked in increments of 6 inches to monitor the depth of the DEL-X. The
number of blows from the hammer required to drive the extensometer 6 inches was used to
estimate the approximate energy required to insert the extensometer per interval.
Once the measurements were recorded and the extensometer was inserted to the
appropriate depth, a handle was attached to the top extension rod, and the rods were rotated
clockwise. This action tightened the extension rod connections while loosening the left hand
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threads of the drive head from the inner rod. Once the drive head was detached from the
extensometer, the extension rods and drive head were removed from the casing and the
extensometer installation process was complete.
Transducer Deployment
The next phase of the installation process was to adjust the DVRT and deploy it onto the
extensometer. The first step of this process was to set the transducer near the center of its
measurement span using the Gap Tool and the Setup Tool. The rod of the Gap Tool was fully
extended, and the tool was lowered into the casing and onto the extensometer. The rod of the
Gap Tool contacted the top of the inner rod of the extensometer, and the weight of the tool
pushed the rod inward until the magnets contacted the anchor support ring. Then the Gap Tool
was removed from the casing, and the set screw was tightened. At this point, the length of the
rod corresponded to the distance that the DVRT needed to span.
The Gap Tool was attached to the Set Up Tool, and the threaded rod on the Set Up Tool
was rotated until it contacted the rod on the Gap Tool. Next, the locking nut on the Set Up Tool
was secured, and the Gap Tool was removed. Then the DVRT was deployed onto the Set Up
Tool. The position of the DVRT in the DVRT holder was adjusted by rotating the DVRT until the
voltage output was near the middle of its span (2.5 V). A set screw on the side of the DVRT was
tightened to secure the DVRT in the holder. Then the DVRT and electronics housing were
lowered into the casing and onto the upper anchor of the extensometer. In some cases, slight
adjustments of the position of the DVRT were necessary to get the DVRT in the middle of its
span when deployed downhole.
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The transducer deployment process transferred the gap distance on the extensometer
first to the Gap Tool, then to the Set Up tool, then to the DVRT. Once the DVRT was deployed
downhole within its operational range, it was ready to make vertical soil displacement
measurements. Displacement during operation sometimes caused the DVRT to extend out of its
operational range. The process outlined above was repeated to adjust the DVRT back on scale.
It is important for the surfaces of anchor support ring and top of the inner rod to be
clean when the DVRT is deployed. Irregular readings occurred when soil particles or organic
debris accumulated on these surfaces. These surfaces were visible from the bottom of the
casing and I used a small (approximately 10mm diameter) video camera to inspect them.
Obstructions were identified with the camera, and brushes and a long tube attached to a
vacuum cleaner were used to remove the debris.

FIELD SITES
The main field site used for extensometer installation was at the Clemson University
Simpson Station near Pendleton, SC (34.670018, -82.729311). The site is 0.17 hectares of fenced
pastureland with a gentle slope to the northeast (Fig 2.15). A 65 m x 12 m shed is adjacent to
the site to the east. The vegetation was primarily uncut tall fescue, Festuca arundinacea, with
some small trees and shrubs.
The site is underlain by Cataula sandy loam that extends from near the ground surface
to an average depth of 2.5 m (USDA Web Soil Survey, 2015; Murdoch et al., 2006). The soil
profile is characterized by thin layer of brown, friable, sandy silt from 0 to 0.08 m. This thin layer
transitions to red to red-orange sandy, clayey silt. Course to very course quartz grains are
scattered throughout the silt with content ranging from 0 to 40%. This soil extends to an
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average depth of 2.5 m, and its permeability is less than 10-9 m/s (Murdoch et al., 2006). Below
2.5 m is saprolite derived from biotite gneiss with an average permeability of 2.4x10-5 m/s
(Murdoch et al., 2006). The upper soil has a permeability that is approximately four orders of
magnitude lower than the saprolite, which indicates that downward flow of water will be limited
by the upper layer. However, several backfilled trenches cut through the layer of Cataula sandy
loam within approximately 20 m of the extensometers, which could increase the downward flow
of water. The water table at Well 1 was 8.45 m below the datum on Sept 16, 2014. The datum
for the site was the top of casing of Well 2.

Figure 2.15 A map of the study area at Clemson University Simpson Station shows the location
of the extensometers, wells, and other equipment installed at the field site. Displacement was
measured only at X3, X4, X5, and X7. Data from a thermistor string and pressure transducer
were recorded in Well X8. The red and purple dots show the location of Dynamax PR2 access
tubes and Decagon EC-5 probes respectively.
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The field site was outfitted with several environmental monitoring sensors and
equipment (Fig 2.15). Displacement data from four extensometers (X3, X4, X5, and X7) were
recorded at the site. The top anchor of X7 was installed 3 m below ground surface whereas the
tops of X3, X4, and X5 were installed 6.1 m below ground surface. Extensometers were installed
in X6 at a depth of 6.1 m and X8 at a depth of 9.1 m. Long term displacement measurements
were not recorded for these two extensometers. The bottom of well X8 was below the water
table and was instrumented with an Onset HOBO pressure transducer (Model U20L-04) and
Geokon thermistor string (Model 3800). A weather station was located near the middle of the
sensor array and housed an anemometer (Decagon Davis Cup) temperature and humidity sensor
(Decagon EHT), pyrometer (Decagon PYR), and tipping bucket rain gauge (RainWise RAINEW
111). Four capacitance probes (Decagon, EC-5) were installed at the ground surface, and four 1m-long access tubes were installed in the ground for multi-depth moisture measurement using a
Dynamax PR2 probe. Subsurface pore pressure was measured with soil matric potential sensors
(Campbell Scientific 257-L) at depths of 6.2 m and 7.9 m. Onset HOBO pressure transducers
(Model U20-001-04) were used to monitor water levels at two wells screened at a depth of 13
m. A class-A evaporation pan was installed at the site and was monitored with a differential
pressure transducer (Campbell Scientific CS451). The data collected from the sensors at the field
site were analyzed along with displacement data to identify the environmental factors affecting
subsurface displacement.
Six additional extensometers were installed at three field sites during July 2013. The
extensometers were installed in collaboration with existing field projects established by the
Texas Water Development Board (TWDB) and the University of Nebraska. Two TWDB field sites
were located in playas in the Texas panhandle, and the University of Nebraska field site was in a

45

corn field near Holdredge, Nebraska. The sites were previously implemented with weather
stations and subsurface equipment for measuring recharge.
The first site to be instrumented was a TWDB site called the Hollenstein playa. The site
was located 6 km north of Umbarger, Texas. Two extensometers were installed with the top
anchors at depths of 3.6 m and 6.1 m and were named TXHO-12 and TXHO-20 respectively. The
soil removed during coring at TXHO-20 was very stiff, yellow-brown, silty clay with 10 to 200 mm
caliche nodules. The soil removed from TXHO-12 was firm to stiff, brown, silty clay with some
light grey caliche nodules. Soils from the two depths were similar, but TXHO-12 was slightly
moister, less stiff, and contained fewer caliche nodules.
The second site was also a TWDB site called the Floyd Range playa and located 30 km
east of Lockney, TX and 1 km west of the High Plains escarpment. Like the previous installation,
two extensometers were installed at depths of 3.6 and 6.1 m and were named TXFL-12 and
TXFL-20 respectively. The soil removed during coring at this site was slightly moist, moderately
stiff, gray clay with a few occurrences of white, friable caliche.
The final installation site was the University of Nebraska site located 10km south of
Holdredge, Nebraska. The field is irrigated by a central pivot irrigation system. Two
extensometers were installed near the edge of the field at depths of 3.6 and 5.5 m and were
named NEB-12 and NEB-18 respectively. The soil at the site was light-gray loess that was damp
and friable to slightly cohesive.
It should be noted that the casings for five out of the six extensometers were installed
by hand auger, but NEB-18 was installed by a driller before we arrived at the field site for
installation. The casing for NEB-18 was not installed to the specifications as requested. The hole
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was not cleared of cuttings before the casing was installed which resulted in soft cuttings at the
bottom of the casing.

DATA ACQUISITION
Data acquisition and management was critical to the success of this study. A robust data
collection platform was necessary to measure the various signals generated during the project.
A data storage system was also needed to facilitate secure archiving while providing ready
access to the data. The procedure of data collection and processing is described below.
Collection
Data were collected and stored in the field using Decagon EM5, Decagon EM50 (2),
Campbell CR800, and Campbell CR1000 data loggers. The Decagon loggers were powered by AA
or AAA batteries. The Campbell loggers were powered by a deep-cycle 12 V battery recharged
by a 20 Watt solar panel (Campbell Scientific SP20) and charge regulator (Campbell Scientific
CH100). The sampling rate varied from one to ten minutes. The weather logger was set up to
read data every five minutes whereas the soil moisture and matric loggers were set up to read
every ten minutes. A script was written for the Campbell loggers to read data every second and
store the average every minute. The data were manually collected using a Dell Inspiron Mini
approximately once a week. The weekly collection procedure resulted in three text files and two
comma-separated value files (CSV).
Soil moisture measurements as a function of depth were made with the Dynamax PR2
probe and recorded manually. Soil moisture data were measured approximately every two
weeks. Pore pressure measurements were made in three wells (Fig 2.15) using Onset HOBO
U20-001-04 or U20L-04 pressure transducers. Well 1 data spans from Dec 12, 2012 to April 3,
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2015 while Well 2 data begins on April 24, 2014, and Well X8 data begins Oct 8, 2014. Water
level was calculated from the pressure transducer data by subtracting the barometric pressure
and converting the remaining pressure to height of water. Transducer data were recorded every
10 minutes and the loggers were downloaded approximately every three months.
Data Processing
Once the data were collected, the data from the five files were imported, converted,
stored, and plotted using a series of Matlab scripts and functions. The following folder structure
was used for the data:
Raw: files from the data acquisition system
Processed: files with a consistent, basic level of processing
Compiled: folders with compiled, analyzed data
The data files were named in the field using a convention that began with the collection
date in the format “yy-mm.dd” and also included “Weather”, “SM”, “SX1”, “SX2”, or “Matric” to
differentiate the files. The data files were transferred to the “Raw” folder on the Clemson
network. These data files were all ASCII text files with timestamps generated by the logger along
with the associated signals. The timestamps for the Campbell loggers were synchronized with
the field computer following data collection because the logger times tended to deviate from
each other and the other loggers. Because the computer time tended to deviate from internet
time as well, the computer clock was manually synchronized to an internet time server before it
was taken into the field for data collection.
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Data in the Raw folder from the same time period were imported into Matlab,
combined into single file, and stored as a “.m” file in the “Processed” folder. Calibrations were
applied to the Campbell logger data during processing whereas calibrations for the Decagon
logger data were applied by the logger. The file name of the processed data corresponds to the
collection date in the format “yy-mm.dd.m”. These Matlab file contains data from each of the
five loggers. The timestamps are in units of elapsed days since Jan 1, 2012, and data are stored
in variables of column vectors. A metadata file is imported and saved as a structure within each
file in the Processed folder. The metadata structure has ten fields which contain the site name,
site description, GPS coordinates, extensometer identification and installation depth, DVRT
serial numbers associated with each extensometer, sampling rates for the loggers, variable
descriptions, first and last data timestamps, and the name of the programs running on the two
Campbell loggers.
Matlab scripts were used to generate plots of the processed data. The plots were
evaluated for anomalies or other factors that could indicate a problem with the sensors or the
data acquisition system. For example, displacement data will converge to a constant value if the
DVRT exceeds the range of its scale, and displacement data will output a value of 0 if the A/D
board stops functioning. Either of these results indicates that repairs or adjustments need to be
made at the field site. This concluded the initial processing procedure following data collection.
Additional Matlab codes were developed and implemented to compile and analyze the
data over time periods longer than one week. The assembled data were stored in the Compiled
folder. Data were synced to the Clemson network approximately every two weeks for archiving.
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Documentation
Field operations, including data acquisition, were documented in a field notebook. This
included the arrival and departure time, descriptions of the tasks performed, notes on any
noticeable data logger or sensor issues, and the manual soil moisture measurements.
Additionally, a folder was left in an enclosure at the field site to record the arrival and departure
times and the tasks performed at the site. A form was also created for guidance and for note
taking during extensometer installation (Appendix A).

DATA ANALYSIS
A series of site-specific, empirical calibrations were employed to evaluate the individual
components of displacement. A point load analysis was conducted to get an initial estimate of
the effective modulus for each extensometer. Additional analyses were conducted by identifying
processes that change over different time scales. Variations in displacements occurring with an
annual period were relatively large and typically appeared as drift in the shorter period data. As
a result, the processes with annual periods were evaluated first and this signal was removed
from the data before analyzing the processes with shorter periods. This approach assumes that
variations in processes with short periods average to zero over longer periods. For example, it
assumes that variations in barometric pressure average to zero over an annual time scale.
Point Load Calibration
The point load calibration verified the functionality of an extensometer and evaluated
its response to a known load at the ground surface. Application of a point load at the ground
surface should cause compression (negative displacement) in the subsurface. The Boussinesq
solution (eq. 2.1) was used to evaluate the displacement response to the point load and
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provided a means to estimate the modulus of the soil. The Boussinesq solution gives
displacement in a laterally extensive, homogeneous half space due to a point load, P, at the
boundary surface by (Davis and Selvadurai, 1996)

[

]

where z is depth, r is radial distance from the axis above the extensometer, R 

(2.1)

r2  z2 ,

is

Poisson’s Ratio, and E is Young’s modulus. The Boussinesq solution (eq. 2.1) can be modified
(Appendix B) to solve for the difference in displacement between two points in the subsurface
and, and the result is rearranged to determine the Young’s modulus by

(

(2.2)

)

Typical values of Poisson’s ratio for unconsolidated material range from 0.25 to 0.4 (Prakash,
1981). The term in square brackets varies only slightly over the range 0.25 < <0.4, so an
average value of  was assumed for the point load calibrations. Extensometer dimensions,
displacement results, and surface load data were used with eq. (2.2) to estimate the Young’s
modulus.
Point load tests were implemented using my body weight as a point load source at the
ground surface. The measurement interval of the data logger was set to one second, and I
walked to the casing and stood for approximately 5 seconds as close to the casing as possible.
Then, I walked approximately 30 m away (far enough to be undetected by the extensometer),
waited approximately 10 seconds and walked to the casing once again. This process was
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repeated approximately ten times per extensometer in order to evaluate the average
displacement response. Ten repetitions resulted in 20 displacement measurements (loading and
unloading) per test, which provided an estimate of variability and standard error. The
displacement during each test was used with eq. (2.2) to calculate the undrained Young’s
modulus.
Annual Period Processes: Pore Pressure and Temperature
The displacement changed significantly with an annual period and this response was
inferred to result from changes in pore pressure and temperature in the vicinity of the
extensometer. These changes were assumed to be derived from annual fluctuations of the
water table and seasonal temperature changes. I considered effects of changes in soil moisture
on an annual time scale, but the data indicated that the soil moisture varied on shorter
timescales associated with rainfall, but the annual variation was modest and unable to account
for the observed variation in displacement. The displacement caused by pore pressure and
temperature variations follows from eqs. (1.15) and (1.31) as

(2.3)

Measurements of changes in pore pressure,

, and changes in temperature,

, were made

at depth and used to establish loading coefficients that relate pore pressure and temperature to
displacement. It follows from eq. (2.3) that the loading coefficient for pore pressure, Cp, is

(2.4)
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whereas the loading coefficient for temperature, CT, is

(2.5)

It is possible that displacements lag behind or ahead of changes in pore pressure measured at a
particular depth, so eq. (2.3) was modified and combined with eqs. (2.4) and (2.5) to give

(2.6)

where is the time difference between pore pressure measurements and pore pressure
response in displacement data.
The strategy was to identify Cp, CT, and  to determine the displacement caused by
changes in pressure and temperature. This was accomplished by adjusting Cp, CT and in eq.
(2.6) to minimize the residual between observed and calculated displacements. An assumption
of this approach is that temperature and pore pressure are solely responsible for the variance in
displacement over an annual period. The minimizing of the residual of eq. (2.6) was
implemented with the full three parameter analysis as well as one and two parameter analyses
of the temperature and pressure components individually. The analysis that most effectively
reduced the residual between predicted and observed displacements was chosen as the most
appropriate analysis.
Pore Pressure
Fluctuations in pore pressure at depth cause concurrent changes in displacement due to
poroelestic coupling (Wang, 2000). In general, an increase in the average pore pressure in the
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vicinity of the extensometer will cause relative extension (positive displacement), and a
decrease will cause negative displacement. It is also possible that a localized increase in pore
pressure above or below the anchors, relative to the pore pressure change between the
anchors, will cause compression or negative displacement of the anchors (Murdoch et al. 2015).
This could occur when a descending wetting front approaches the top anchor, for example, but
in general this effect is considered secondary.
Two pore pressure measurements were made to evaluate the pressure distribution.
Matric potential measurements were made in the vadose zone at a depth of 6.2 m. Pressure
measurements were also made in a nearby piezometer to determine the pore pressure
fluctuations in the saturated zone.
Pressure transients require some time to propagate, so there may be a lag between the
pressure measurement and the corresponding change in displacement. The time difference
between the pressure measurements and corresponding displacement depends on the
hydraulic diffusivity of the material. This effect was considered in the analysis by including the
time lag, , in eq. (2.6). The analysis was conducted using either matric potential or water level
data. The data were smoothed using a five day or ten day moving average of the observed
pressures.
Temperature
Temperature changes in the vicinity of the extensometer will cause displacements as a
result of thermal expansion. Characterizing this effect requires knowing the temperature
distribution with time, along with the effective coefficient of thermal expansion. Temperature
was initially measured in the instrument housing above the extensometer, but mechanical
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problems caused the temperature record to be incomplete. A six-node thermistor string
(Geokon Model 3800) was deployed in Well X8 (Figure 2.15) with thermistors at depths of 1.5,
3.0, 4.6, 6.1, 7.6, and 9.1 m. Thermistor string data is available starting on July 5, 2014.
For time periods when thermistor string data were available, the total change in
temperature over the length of the extensometer was determined by averaging measurements
from 3.0 and 4.6 m or 6.1 and 7.6 m. These measurements are nearest to the top and bottom of
the extensometers installed at depths of 3.0 or 6.1 m. The average temperature results were
used with eq. (2.6) to evaluate the temperature loading coefficient.
The approach to characterizing temperature during time periods without thermistor
data was to use the available data to calibrate a model of the temperature distribution and then
use the model to provide the temperature estimates. The primary cause of temperature
fluctuations at the depths of interest was assumed to be caused by conduction from seasonal
temperature fluctuations at the ground surface (Smerdon et al., 2003; Koo and Song, 2008;
Holmes et al., 2008). Assuming the temperature at the ground surface varies with a period of 
as

(2.7)

where A is the amplitude of the variation,

is the phase, and the angular frequency is

.

Thermal conduction in a half space results in a temperature distribution as (Carslaw and Jaeger,
1959)
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(

where is depth, and

)

[

( )]

(2.8)

is the thermal diffusivity. Air temperature at a height of 2 m was

assumed to be equal to the surface temperature at z=0 m.
Thermal diffusivity was estimated using temperature measurements from the
thermistor string in Well X8. Two and a half months of preliminary temperature measurements
in Well X6 at a depth of 5.8 m indicated that temperature changes occurred on an annual cycle
rather than a daily or weekly cycle that was expected if surface temperature fluctuations caused
convection within the borehole. Therefore, it was assumed that the temperature in the casing
represented the soil temperature outside of the casing with no influence from convection at or
below 5.8 m.
The amplitude and phase of subsurface temperature data were determined by fitting
the temperature data to eq. (2.7). The difference in phase between temperatures at two depths
was used to estimate thermal diffusivity by (Koo and Song, 2008)

[

where z1 and z2 are measurement depths and

]

and

(2.9)

are phase lags at those depths. Six

estimates of thermal diffusivity were obtained by applying data from seven temperature
measurements to eq. (2.9) using adjacent temperature measurements. The amplitude
difference between adjacent temperature measurements was also used to estimate thermal
diffusivity by (Koo and Song, 2008)
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)

]

(2.10)

where A1 and A2 are amplitudes. Six additional estimates of thermal diffusivity were determined
by applying eq. (2.10) to the seven temperature measurements. The twelve diffusivity estimates
from eqs. (2.9) and (2.10) were used to determine an average thermal diffusivity value for the
site and applied to eq. (2.8) to estimate subsurface temperature measurements for time periods
where data were not available.
Temperature changes at depth will cause thermal expansion of the soil and of the
extensometer itself. The thermal expansion coefficient (

) depends on the difference between

the coefficient of thermal expansion of the soil and of the extensometer. The displacement
caused by thermal expansion,

, is (Murdoch et al., 2015)

(2.11)

where

is the thermal expansion coefficient of the soil and

is the thermal expansion

coefficient of the extensometer. If the two coefficients are equal, temperature fluctuations have
no influence on displacement.
The extensometer was designed so that the thermal expansion coefficient of the
extensometer and the soil would be similar. The extensometer was made primarily of fiberglass.
Fiberglass has a variable coefficient of thermal expansion that depends on the structure and
orientation of the fibers. Fiberglass coefficient of expansion ranges from 1.5x10-5 oC-1 when
measured parallel to fibers to 5.5x10-5 oC-1 when measured perpendicular to fibers (McElroy et
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al., 1986). The coefficient of thermal expansion of common rocks ranges from 1.6x10-5 oC-1 to
3.3x10-5 oC-1 (Robertson, 1988). The thermal expansion of silt, illite, and kaolinite are 3.5x10-5 oC1

, 3.5x10-5 oC-1, and 2.1x10-5 oC-1 respectively (Khalili et al., 2010). The thermal expansion values

of fiberglass and various geologic materials fall within the same range, which suggests it is
possible that minimal displacement occurs from temperature fluctuations because of similar
coefficients of thermal expansion.

Analysis
A parameter estimation method was
used for the analysis. Displacement was
calculated using measured or calculated pore
pressure and/or temperature, and values for
the pore pressure loading
coefficient, Cp, temperature loading coefficient,

Table 2.1 Variations of Eq. 2.6 that were
used for the parameter estimation analyses
of annual period processes.
1
2
= piezometer
3
= vadose zone
4
= piezometer
5
= vadose zone

CT, and phase delay,  from eq. (2.6) were

estimated. The parameter values that most effectively minimized the residual between the
calculated and measured displacement were assumed to be the correct parameter values. Eq.
2.6 was modified to conduct the parameter estimation using one, two, and three parameter
analyses. Two different estimates of pore pressure were available, so a total of five equations
were compared for the analysis (Table 2.1). The goal of the analyses was to determine the
equation that most effectively estimated the long term variability of measured displacement
data. The calculated displacement results from this analysis were subtracted from the measured
displacement and the residual was used for further analysis.
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The fit of the models were evaluated using the standard error of the estimate (SEE). The
SEE analysis measures the accuracy of the model prediction by (Taylor, 1997)

√
where

is the standard error of the estimate,

values, and

∑

̂

(2.12)

are the measured values, ̂ are the predicted

is the sample size. Smaller SEE values indicate a better fit of the model.

Other Processes: Barometric Pressure, Earth Tides, and Hydrology
Field measurements of barometric pressure, precipitation, evaporation, and soil
moisture were used to estimate barometric and hydrologic loading coefficients. The procedure
was to subtract the estimated component of displacement caused by pore pressure and
temperature variations from the processed data set. This effectively removed the long-period
variations and produced a dataset that varied over periods of several weeks or less. The
barometric pressure signal was analyzed and removed first to facilitate analysis of displacement
from changes in hydrologic processes.
Barometric Pressure
More than three years of barometric pressure measured once a minute at the Simpson
Station field site were available for analysis. The displacement response to barometric pressure
was initially evaluated by plotting displacement as a function of barometric pressure over
selected time intervals. The slope of the correlation indicated the barometric loading coefficient,
, which relates change in barometric pressure to barometric pressure induced displacement,
, by
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(2.13)

Once the barometric loading coefficient was determined, displacement caused by
barometric pressure was removed from the overall displacement data set by subtracting
barometric pressure multiplied by the barometric loading coefficient.
Further analysis was conducted by examining specific frequencies of barometric
pressure and displacement data. The Discrete Fourier Transform (DFT) was applied to
barometric pressure data to determine the frequency content of the data. The DFT is a
numerical procedure that decomposes the time series data into a series of sinusoids that can be
used to recreate the original barometric data by



BP   ancos(2 f nt   n )

(2.14)

n 0

where

is magnitude,

is frequency, and  n is phase. Magnitude and frequency data

determined from eq. (2.11) were used to perform a spectral analysis (ex. Panerai et al., 1999).
For the spectral analysis, the magnitude data for from eq. (2.11) were squared and plotted as a
function of frequency. Data with the largest peaks indicate the frequencies that contain the
majority of the power in the analyzed data. Frequencies corresponding to the two most
prominent peaks were selected for further analysis.
Following the spectral analysis, a Butterworth filter with a band width of +/- 0.25
octaves was applied to extract data that corresponds to the two prominent frequencies from
the spectral analysis for both barometric pressure and displacement data. The filtered
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barometric pressure and displacement data were input into eq. (2.13) to evaluate the
barometric loading coefficient for the particular frequencies. An assumption of this analysis was
that barometric pressure was the primary variable influencing displacement at these
frequencies.
The barometric pressure coefficient was also evaluated as a function of time. The
Butterworth filter technique was applied to data segments by sequentially stepping through
time with an adjustable span and step to select data. Multiple barometric loading coefficients
were calculated, and a filter was applied to the results that required a coefficient of
determination (R2) greater than or equal to 0.75. The filter was implemented to select only
loading coefficients with highly correlated data.
Earth Tides
Vertical strains from Earth tides are expected to be on the order of 10-8m. This amount
of displacement could be resolved by the DEL-X, but it will be much smaller than the barometric
signal, which occurs at similar frequencies and will obscure the effects of Earth tides. Earth tides
were expected to have a negligible effect on the results, so they were ignored in this analysis.
Hydrology
Following the removal of pore pressure, temperature, and barometric pressure signals,
displacement fluctuations were assumed to be caused by changes in water content of the
overlying soil. Displacement caused by changes in water content,

̅̅̅̅
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, is from eq. (1.31)

(2.15)

where

is the hydrologic loading coefficient. Changes in near surface soil moisture are driven

by precipitation, evapotranspiration, runoff, and infiltration. The individual parameters
influencing moisture content can be denoted by expanding eq. (2.15) to

(2.16)

where P is precipitation, ET is evapotranspiration, R is runoff, and I is infiltration.
The hydrologic loading coefficient was determined by evaluating the displacement
response to rainfall events. Displacement was plotted as a function of cumulative rainfall for
selected time intervals. The slope of the correlation between displacement and cumulative
rainfall was the hydrologic loading coefficient,

. Once the hydrologic loading coefficient was

determined, displacement data were converted to an equivalent change in average water
content by dividing the corrected displacement data by the hydrologic loading coefficient. These
data were compared to other estimates of changes in hydrology at the site. The primary sources
of change in soil moisture during periods without precipitation were expected to be
evapotranspiration and infiltration. These processes would cause unloading, and the unloading
rate would be the sum of evapotranspiration rate at the ground surface and the infiltration rate
below the sensing region of the extensometer. Estimates of evapotranspiration were made to
compare to the unloading rate of displacement.
The Penman-Monteith equation and on-site evaporation pan measurements were used
to estimate evapotranspiration. The standardized Penman-Monteith equation is (Allen et al.,
1998)
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(2.17)

where
curve,
and

is reference evapotranspiration, Δ is slope of the vapor pressure and temperature
is net radiation at the crop surface,

is soil heat flux, γ is psychrometric constant,

are numerator and denominator constant respectively that are dependent on the

reference type and time step,
speed at 2 m height,

is mean temperature at 1.5 to 2.5 m height,

is the mean saturation vapor pressure, and

is mean wind

is the mean actual vapor

pressure. Measurements of solar radiation, wind speed, temperature, and relative humidity
were made to estimate the daily reference evapotranspiration using eq. (2.14). Reference
evapotranspiration is converted to site specific evapotranspiration,
crop coefficient,

, by multiplying by the

, so that

(2.18)

A crop coefficient at the upper end of the range for tall fescue, 1.0, was used for the Clemson
site to determine the maximum potential evapotranspiration (Romero and Dukes, 2015).
A class-A evaporation pan was equipped with a Campbell Scientific CS451 transducer to
monitor the change in water level in the pan. The daily evaporation was calculated by
determining the decrease in water level between consecutive days. The average water level
between 11:30 PM to 12:30 AM was used for this calculation because the water level was
typically stable at this time. The daily evaporation results were multiplied by a pan coefficient to
convert to reference evapotranspiration. An average pan coefficient of 0.7 was used for the
initial evapotranspiration analysis at the Clemson site (Allen et al., 1991).
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The equivalent change in water amount (volume/area) determined from displacement
was compared to evapotranspiration estimates. The slope of the best linear fit for each day was
calculated for the displacement data. Slopes with negative values were interpreted as the daily
unloading rate. These unloading rates were compared to the evapotranspiration rates for the
same days.
Another method for estimating the hydrologic changes near the ground surface was to
integrate the soil moisture measurements at 0.05, 0.1, 0.2, 0.3, 0.4, and 0.6 m below the ground
surface. The soil moisture measurements were integrated by the trapezoid method with respect
to depth by

z

SM int   dz

(2.19)

0

where SMint is integrated soil moisture and z is depth below the ground surface. Integrated soil
moisture and equivalent change in water amount from displacement were plotted as functions
of time for comparison. The difference between consecutive integrated soil moisture
measurements was plotted verses the difference between equivalent water data for
corresponding time periods. Integrated soil moisture and converted displacement are expected
to plot linearly on the one to one line if the two are responding to the same changes in near
surface hydrology.
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CHAPTER 3: RESULTS
The results of this study are based on a record of nearly two and a half years of data
describing vertical displacements and various hydrologic signals at the Simpson Station field site.
The data were measured every few seconds to minutes, so they contain signals that vary over
periods ranging from less than an hour to a year. A focus of the results will be on identifying
displacements caused by changes in pore pressure, temperature, barometric pressure, and
hydrology as described in eq. 1.31.

HYDROLOGIC CONDITIONS
Hydrologic conditions were characterized by measuring rainfall, soil moisture content,
pan evaporation, level of the water table, and four meteorological variables required for the
Penman Monteith equation (solar radiation, wind speed, temperature, and relative humidity).
These data were used to estimate fluxes and changes in storage.
Rainfall
Approximately 160 rainstorms occurred from January 2013 to March 2015, resulting in
approximately 1.5 m of rainfall per year. The mean rainfall was approximately 13 mm, and the
largest rains were 79 mm, 83 mm, and 110 mm. Rainfall occurred throughout the year, but the
largest storms occurred in January 2013 and summer 2013 (June, July, and August).
Evapotranspiration
The evapotranspiration was estimated using meteorological data with the PenmanMonteith equation, and by measuring the rate of change of water level in a Class-A evaporation
pan. The standardized daily calculation was used for Penman-Monteith analysis (Allen et al.,
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1998). Evapotranspiration typically varied from maximum values between 4 and 5 mm/day
during July to minimum values between 0.5 and 1.5 mm/day during January.
The Class-A evaporation pan calculations were also made on a daily basis and the results
are similar to the Penman Monteith results. A pan coefficient of 0.7 was used to convert
evaporation pan data to evapotranspiration (Allen et al., 1991). By the nature of daily
evaporation pan measurements, there were negative evaporation values that correspond to
increases in water level from rain events. There were also anomalous responses with a gradual
increase and sudden decrease in pressure caused by the freezing. Evaporation pan data related
to these two events were excluded from the analysis.
A subset of data between July 2014 and March 2015 shows the similarity of the
evapotranspiration estimates between the two methods (Fig 3.1). There is a 30 day gap in the
Penman-Monteith estimates because of a gap in available weather data. The average
evapotranspiration for this time period starts at 4.25 mm/day in July, decreases to 0.75 mm/day
in December, and then increases to approximately 1.5 mm/day in March (Fig 3.1). The
correlation coefficient between the evaporation pan measurements and the Penman Monteith
calculation is 0.88 for corresponding measurements in this data set (Fig 3.2).
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Figure 3.1: Evapotranspiration as a function
of time using the Penman-Monteith (blue bar)
and evaporation pan (red asterisk) methods.
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Figure 3.2 Evapotranspiration from the
evaporation pan method as a function of
evapotranspiration from the Penman-Monteith
method.

Water Table
The total pressure in three wells was measured as a function of time along with the
barometric pressure. The barometric pressure was subtracted to estimate the change in
pressure head in the wells. The tops of casing were surveyed relative to the same datum, and
the heights were used to determine the water levels. Water level data from Well 1 (Fig 2.15)
began in December 2012 and continued for the duration of this study. There are two large gaps
in the water level data that span from June 2013 to September 2013 and November 2013 to
February 2014. The water level increased from 9.5 m below the datum on January 2013 to 7.4 m
below the datum on October 2013. The water level began below the bottom anchor of the
deeper extensometers (7.9 m), but the 2.1 m rise resulted in the water level fluctuating in
between the extensometer anchors. The water level for 2014 had an approximately annual
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period. It reached a maximum elevation of 6.8m below the datum in May 2014, and then it fell
to its lowest level of 7.5 m below the datum in late December.
Soil Moisture
Soil moisture was measured every 10 minutes using capacitance sensors at the ground
surface, and it was measured approximately every 10 days in 4 access tubes within 3 m of the
weather station (Fig 2.15). Six measurements were made from 0.1 m to 1 m in each access tube
using a Dynamax PR2, so 24 measurements of soil moisture were made during each collection.
The sensor at 1m depth malfunctioned during the study, so only five measurements were made
in each tube for the most of the study. The data at each tube were integrated as a function of
depth to give the amount of water as water volume/area. The integrated amounts for each
access tube were then averaged.
The resulting data are an estimate of the average amount of water stored in the vicinity
of the weather station. The data indicate that the amount of soil water ranged from 140 to 240
mm, so the maximum variation was approximately 100 mm. The amount is particularly variable
from day 860 to day 1040, with variations occurring with a period of approximately 20 days. The
water amount may have varied at periods shorter than 10 days, but these changes were too fast
to be resolved by the data.
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Figure 3.3 Integrated soil moisture from four Dynamax PR2 access
tubes as a function of time.

Barometric Pressure
Barometric pressure was recorded at the Simpson station for three years from March
2012 to March 2015 (Fig 3.4). The data are characterized by one and two cycle per day
fluctuations of several tenths of a kPa superimposed on larger fluctuations of 0.5 to 2.5 KPa with
longer and more irregular periods of approximately one to two weeks. The average amplitude of
the weekly pressure fluctuations in the winter is roughly 2 kPa but reduces to approximately 1
kPa in the summer (Fig 3.4).
A spectral analysis (Panerai et al., 1999) of the barometric pressure was conducted to
determine the power spectral density as a function of frequency. The power spectral density has
prominent peaks at 1.17x10-5 Hz and 2.31x10-5 Hz, which correspond to one and two cycles per
day (Fig 3.5). The interpretation is that one and two cycle per day signals are strong and
consistent throughout the barometric pressure data set.
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Figure 3.4: Barometric pressure data as a function of time at the Simpson Station from March 2012 to
March 2015.

Figure 3.5 Power spectrum of the barometric pressure as a function of frequency. The two dominant peaks
(pink bands) occur at 1.17x10-5 Hz and 2.31x10-5 Hz, which corresponds to periods of one and two cycles per
day respectively. The barometric pressure data used for this analysis is from March 1, 2012 to Sept 15, 2015.
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OVERVIEW AND COMPARISON OF DATASETS
Ten DELTA extensometers were successfully installed at three field sites during this
study. Measurements of the cored hole diameter made during installations enabled an
evaluation of the installation process. Displacement results spanning two and a half years from
four extensometers at the Clemson field site were available for analysis. The continuity of the
data set was evaluated, and the data results among the four extensometers were compared.
Installation
Two extensometers (X5 and X6) were installed at Clemson, six were installed at field
sites in Texas and Nebraska during summer of 2013, and two additional extensometers (X7 and
X8) were installed at Clemson in 2014. Functionality of the extensometer was verified by loading
the ground above the extensometer with either a person’s weight or a vehicle. A person’s
weight typically resulted in several tens of nm of displacement, which was a clearly identifiable
signal that indicated the instrument was functioning as expected. The magnitude of the
displacement was also used to produce a preliminary estimate of the elastic modulus.
All of the extensometers that were installed and instrumented with a DVRT functioned
properly. The electronics package and DVRT were not installed on the extensometer at 9 m
(X8), so the functionality of this extensometer could not be verified. The instrumentation
package was not installed because the water table was above the top of the upper anchor. The
electronics housing was not designed to be continuously submerged, so the use of the 9-m-deep
extensometer was deferred until the electronics package could be redesigned.
One of the factors that contributed to the high success rate of installing functional
extensometers was the ability to measure the diameter of the hole that was created for the
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extensometer. The diameters of the holes were measured at 3 to 6 depths using the gauging
method described above. Most of the holes tapered from less than 22 mm at the bottom to less
than 25 mm at the top with a smaller diameter at the bottom than the top, according to hole
gauging measurements made during installation. The diameter of the lower and upper anchors
anchor were 23 mm and 25.4 mm respectively, so the hole diameters were approximately 1 mm
smaller than the extensometer (Fig 3.6).
One cored hole from the Nebraska field site (NEB-18) had a diameter of 25.4 mm at the
top of the hole and a diameter of 24.75 mm at a depth of 0.45 m (Fig 3.6). The diameter near
the top of the hole was the same as the diameter of the upper anchor, and it seemed likely that
the friction between the anchor and the soil would be insufficient to secure the anchor.
Therefore, modifications were made to increase the diameter of the upper anchor before
installation of the extensometer. This was done by coating the anchor with epoxy and then
wrapping a nylon cord around the anchor in a tight, uniform whipping pattern. The epoxy
penetrated the cord and bonded it to the anchor. This modification increased the diameter of
the upper part of the anchor to 28 mm. Additional cord was whipped along an approximately 5cm-long section near the top of the anchor which increased the diameter to 29 mm for that
section. After this modification, the extensometer was successfully installed.
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Figure 3.6 Diameter of cored holes from Texas and Nebraska field sites as a function of depth.
Diameters of the anchors are included for reference.
Displacement Data Set
The displacement dataset includes measurements from ten extensometers at four sites
made over two and a half years. The Clemson site included four instruments that were
operational during most of the study period. The site in Nebraska was operational for three
months in summer and fall of 2013, and then our collaborators removed displacement sensors
and discontinued monitoring because of harvesting at the field site. The sensors were reinstalled
by our collaborators the following summer. Extensometers at the two playa sites in Texas were
operational from the summer of 2013 until the playas were flooded. This occurred in July 2014
at the Floyd Range playa and in June of 2015 at the Hollenstein playa. The extensometers
appeared to function properly for several months to years in the playas and they recorded
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compression as the playas filled. Instruments at both sites stopped working when the water
level in the playa rose above the wellhead and flooded the casing.
The continuity of the datasets at the Clemson site was affected by equipment failures,
animal interference, user error, and sensor drift. Some of these issues resulted in loss of
displacement data while others resulted in erratic displacement responses. For example, the
instruments stopped working during severe thunderstorms in the summers of 2013 and 2014,
and it appears that lightning caused the analog to digital conversion board to fail. The fence
around the site was breached and cows disrupted the surface infrastructure, resulting in several
days of data loss at the end of June 2014. A degrading battery caused intermittent data losses in
December 2014 until the battery was replaced. Each of these instances, and some others,
resulted in gaps in the displacement data sets.
The DEL-X instruments were operational for more than 90 percent of the study period.
This fraction of operational time provides a solid basis for analyses, but it was important to
account for time periods with loss of data in order to estimate the displacement signal over the
duration of the study period. A bilinear interpolation method was used to estimate the missing
data. This involved measuring the slope before and after the data gap. This allowed the
displacement to be linearly extrapolated from both sides into the data gap. The values in the
later data segment were then offset with a constant value so the extrapolated lines intersected
at the midpoint of the data gap.
The duration of most data gaps was less than one week and the interpolation process
appeared to be reasonably consistent. However, there were four gaps in data that exceeded
two weeks. In these cases, there was more uncertainty in the results of the bilinear
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interpolation method, and the data were offset according to the seasonal trends observed in the
long term data set.
Most of the data was reliable, but there were several periods when the noise level
increased. In general, the noise consisted of abrupt increases or decreases in signal that appear
to be unrelated to any known cause of displacement. In some cases the noise appeared to
occur randomly. For example, X5 data had many random 0.5 μm to 2 μm spikes that occur over
the 10 day period shown in Figure 3.7. In other cases, the noise increased during rainfalls (Fig
3.8). These erratic values were readily apparent and they were manually removed. The spikelike noise apparently resulted from degradation of the A/D board because it was typically absent
after the A/D board was replaced.
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Figure 3.7 Displacement data for X5 as a function of time. Seemingly random spikes of 0.5 to 2
μm occur in displacement data.
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Figure 3.8: Displacement data for X3 (black) and cumulative rainfall (blue) as functions of time.
Displacement has erratic spikes in excess of 75 μm that occur during two rainfall events.

Data Overview
The entire dataset was assembled so it could be plotted on the same axes (Fig 3.9) in
order to compare signals from the different instruments. Gaps in the data were interpolated as
outlined above. The data from all the instruments was generally periodic with amplitudes that
varied from 100 m to 200 m (Fig 3.9). The different amplitudes appear to result from
differences in the elastic modulus in the vicinity of each extensometer because the signals with
the largest amplitude (e.g. at X7) were also the most sensitive to point loads. As a result, the
data were processed to reduce the differences in amplitude in order to facilitate comparison of
the signals. The processed data are shown in Figure 3.10. The data processing used to generate
Figure 3.10 involved the following:
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Figure 3.9: Displacement data from four extensometers at the Clemson field site as a function
of time from Sept 2012 to April 2015. A four day moving average was applied to the data. Gaps
greater than 14 days are denoted by dashed lines.

a.) Each data set contains one to four data gaps that were long enough to affect the
long-term trends. The data were adjusted and filled as described above to create a continuous
signal.
b.) Data from two extensometers were multiplied by a scaling factor so the ranges of the
data were similar to the other two extensometers. X5 data were multiplied by 1.5, and X7 data
were multiplied by 0.5. The different general magnitudes from the two instruments are likely
due to heterogeneities in the saprolite which causes differences in the Young’s modulus of the
saprolite enveloping the instruments.
c.) Two segments (Feb 17 to Feb 26 and Mar 14 to Mar 19 of 2014) of anomalously fast
unloading in X3 were edited by removing trends of 6.8 um/day over 9 days of data and 14
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um/day over 5 days of data. The apparent unloading may have been a result of a localized
increase in pore pressure between the anchors at X3 that did not occur at the other
instruments.
Similarities Between the Extensometer Signals
The data generally vary with an annual period and with scaled amplitudes from 150 to
200 μm (Fig 3.10). Minima occur in late December to early January and maxima in late April to
early May (Fig 3.10). This means that the extensometers are expanding during the first 5 months
and contracting during the last 7 months of the year. The general pattern is repeated in time
and duplicated in all the extensometers. Data from X3 and X4 contain three minima and two
maxima spanning 2.5 years, whereas the record from X5 and X7 is shorter and includes two
minima and one maximum spanning 1.5 years.
The data are also similar on the weekly and monthly time scales. A relatively sudden
compression (displacement decrease) of approximately 10 microns (adjusted using the
multipliers) occurs simultaneously in January 2013 in both X3 and X4 data. Following the
compression, the extension rates of X3 and X4 between February and May of 2013 were
essentially the same. A displacement peak occurred in June 2013, and the timing of the two
week increase and decrease in displacement related to the peak was the same between X3 and
X4. The scaled extension rates from late December 2013 to early February 2014 are the same
for all four extensometers. The change from extension to compression occurred in mid-May
2014 for X3, X4, and X5. A prominent dip in the data occurred in the X3, X4, and X5 data sets in
mid-October 2014. The change from compression to expansion also occurred in December 2014
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for those three extensometers. These examples highlight the similarities among the data sets of
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Figure 3.10: Scaled displacement as a function of time at the four Clemson extensometers. X5 data
was multiplied by 1.5, X7 was multiplied by 0.5, and two anomalous linear trends were removed from X3
to highlight consistent trends in the data.
Displacement signals are also similar at the daily and hourly time scale. For example,
two days (June 10-11, 2013) of unscaled displacement data at a one minute sampling rate show
the similarity among X3, X4, and X5 data (Fig 3.11). The data vary with a semi-diurnal period,
reaching maxima in the early morning and early evening. This is best developed on 6/11, and it
generally follows the barometric pressure. Short-period fluctuations in displacement, over
hours or minutes, are also evident across the records from the three extensometers. These are
responses to shorter fluctuations in barometric pressure. The rapid fluctuation on 6/10 is due to
a sudden decrease then increase in barometric pressure. The data differ in magnitude, but the
same relative fluctuations exist among the three data sets.
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Figure 3.11: Displacement data for three extensometers at 6 m depth over 2 day
period in June, 2013. X3 and X5 data are offset along the y-axis by 2 and -2 μm
respectively.

Differences Between the Extensometer Signals
The similar results described in the previous section demonstrate that the instruments
are capable of consistent responses. The instruments are within approximately 10 m of each
other, so many of the factors affecting displacement were expected to be similar. However,
there are differences between the data sets. The magnitude of the displacement during the
annual cycle is similar at X3 and X4, but displacements at X7 are approximately double, and
those at X5 are approximately 2/3 of the average signals at X3 and X4. Those differences are
normalized in Figure 3.10 to facilitate comparison.
There are also differences in the displacements of the scaled data sets. One notable
difference in the annual signal is the opposite orientation of deformation for X5 from June to
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Sept 2013 (Fig 3.10). The deformation rate at X5 was approximately 2.4 μm/day, while it was 0.3 μm/day at X7 (Fig 3.10). X5 data were expected to have overall positive deformation
(compression) based on the X7 results and the interpolations from X3 and X4. These data follow
the installation of X5 in June 2013, so the response at X5 may represent an equilibration period
following installation. Another difference in the data sets occurred between X3 and X4 during
October 2012. The deformation rate at X4 was 1.2 μm/day whereas the rate at X3 was
essentially level with a rate of -0.05 μm/day. An additional difference in the deformation rate
between X4 and the other extensometers occurred during a 47-day period in October and
November 2013. The deformation rate for X4 was -0.1 μm/day, while it was -0.75 μm/day at the
other extensometers. These differences highlight some of the uniqueness of each displacement
data set and indicate the presence of site heterogeneity.
There are also some distinct differences between X7 and the other three
extensometers. The first annual minimum and maximum of X7 occurs approximately two weeks
before the minima and maxima of the other three extensometers. The second X7 minimum
occurs approximately two months before the other extensometers. There are also two time
periods where X7 data appears to have an extension and compression “hump” superimposed
onto the annual signal. They occur during January/February 2014 and October/November 2014
(Fig 3.10). These data humps are unique to X7. The difference in deployment depth of X7
compared to the other three extensometers seems to have an effect that makes some aspects
of X7 data unique.
Differences between the signals at the extensometers are likely a result of differences in
soil properties, water flow, or other factors. The difference in the average magnitudes of
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displacement is likely a result of differences in the elastic modulus of the saprolite enveloping
the extensometers. The parent rock to the saprolite is biotite gneiss, which is commonly tightly
folded. This could cause spatial differences in properties of the saprolite. A series of trenches
were dug through the B horizon and backfilled as part of an earlier project (Murdoch et al.
2006). The backfilled trenches are several meters from X4 and 5m to 10m from the other
extensometers. Even though the backfilled trenches are difficult to discern in the current
topography, it is likely that the permeability of the backfilled trenches is different than the
natural B horizon and this would affect infiltration. The trenches, and perhaps other
heterogeneities, may contribute to differences between the extensometer signals.

POINT-LOAD CALIBRATION
Body-weight, point-load tests were used to validate functionality and to determine an
initial calibration for the instruments. My body weight (84 kg) was applied over approximately
0.25 m x 0.3 m (the area of my feet) at the ground surface near the casing, and this was
assumed to behave as a point load to the extensometers at depths of 3 m and 6 m. This
assumption allowed the use of eq. (2.2) to estimate Young’s modulus from the displacement
results of body weight loading tests. The body weight load was applied sequentially between 5
and 10 times, which yielded 10 to 20 displacement values by evaluating the loading and
unloading events individually. The data were used to determine the mean, standard deviation,
and 95% confidence interval of Young’s modulus in the vicinity of each extensometer. The
modulus provides an important calibration between changes in load and corresponding
displacement. Point load tests were conducted eight times over the duration of the study to
evaluate the modulus as a function of time.
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The instruments typically respond consistently to the application of consecutive bodyweight loads (Fig 3.12). Negative deformation (compression) occurs when the load is applied,
and positive deformation (extension) occurs once the load is removed. For the calibration,
displacement was determined by drawing best fit-lines through the data immediately before,
during, and immediately after the loads were applied. The difference in the best fit
displacement lines before and during the applied load give one displacement estimate, and the
difference between displacement during and after the applied load give another estimate. In
many cases, there was a background trend that caused the displacement when the load was
removed to differ from that when the load was applied. For example, the background trend in
Figure 3.12 is approximately sinusoidal with maxima at approximately 2 and 6 minutes. When
the background trend is increasing, the displacement after the removal of the load is slightly
higher than when it started. The opposite is true when the background trend is decreasing. This
behavior is a source of variability in the displacement measurements and the modulus
estimates.
Some point load tests had fluctuations in displacement that were more abrupt and had
a larger magnitude than those in Figure 3.12. These fluctuations made the best fit lines difficult
to place, and inconsistencies deemed some data sets unusable for modulus estimates. The
inconsistent nature of some of the tests was attributed to sudden barometric pressure
fluctuations, which were evident by high winds. The wind velocity at the field site is typically
greatest in the afternoon, so the later point load tests were conducted during the early morning
or late evening or other times when the wind was calm. Displacement data from calm days were
less variable and more suitable for the point load analysis.
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Figure 3.12: Displacement data from X3 with 10 body weight loads applied during point loading
test on Jan, 31, 2015.

The average displacement of the example in Figure 3.12 is 0.21 μm (+/- 0.007) for ten
consecutive loads, where the value in parentheses is standard deviation of the twenty
displacement measurements (Fig 3.12). The modulus from the example was determined to be
61 MPa (+/- 2.4) using eq. (2.2). Displacement data from other tests, like those in Figure 3.12,
were used to estimate modulus values at all extensometers at different times throughout the
data set (Fig 3.13). The standard deviations of some modulus estimates were significantly larger
than the one calculated from Figure 3.12. The larger uncertainties are attributed to relatively
fast changes in barometric pressure and other anomalous offsets encountered during the point
loading experiments. The average modulus values for each extensometer are 80 MPa (+/- 34)
for X3, 58 MPa (+/- 24) for X4, 130 MPa (+/- 29) for X5 and 150 (+/- 75) for X7. Many of the
successive measurements fall within the uncertainty range, but there is also some variability
within the successive measurements that is greater than the uncertainty associated with each
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measurement. There is not one general trend that characterizes the differences in modulus for
each of the extensometers. The general trend for X3 is a slightly decreasing modulus with two
abrupt decreases superimposed on the overall trend. The modulus for X4 decreases at a fairly
constant rate for the first four measurements then approximately doubles for the last
measurement. The modulus at X5 increases approximately 50% between the first and second
measurement, then generally decreases for the remaining measurements. The modulus at X7
has a distinctly different trend than the other extensometers. It is approximately constant E = 95
MPa (+/- 9.2) for the first four measurements, and it more than doubles to E = 230 MPa (+/- 17)
for the last three measurements.
The variability observed in the modulus data could indicate that compensation for
effects of external factors, like change in barometric pressure, could be improved. In any case,
the standard deviations of the multiple measurements made during each test provide guidelines
for the uncertainty in the resulting moduli. In some cases, the changes in moduli from one test
to the next could indicate that the effective modulus actually changes as function of time for the
extensometers. The displacement response to other applied loads will be investigated further in
the following sections.
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Figure 3.13: Young’s Modulus estimated from point load analysis at different extensometers
and different dates. Red bars indicate the standard deviation about the mean.

ANNUAL PERIOD PROCESSES: PORE PRESSURE AND TEMPERATURE
A subset of the 2.5 year displacement data was selected for the subsequent analyses. An
approximately 280 day data set from July 2014 to April 2015 was selected for the analyses. This
data set was selected because it captured the long term variability of displacement and
continuous measurements of subsurface temperature and pore pressure were available for this
time period.
Pore pressure and temperature were identified as variables affecting subsurface
displacement that vary with approximately an annual period. These variables were measured
and fit to a parameter estimation model to determine the annual displacement signal. The
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parameters of the model were used to subtract the annual period signal from displacement for
further analysis of the shorter period variations in displacement.
Temperature
Subsurface temperature data is available for analysis for approximately 280 days from
July 5, 2014 to April 12, 2015. The data vary periodically with increasing phase lag and
decreasing amplitude with increasing depth (Fig 3.14). The peak to peak amplitude of
temperature with an annual period at a depth of 3.0 m data is approximately 7 oC whereas the
amplitude at 6.1 m is approximately 1.3 oC. The temperature signal at 1.5 m depth is somewhat
irregular, probably due to thermal convection within the casing.
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Figure 3.14: Downhole temperature plotted as a function of time for six depths in
casing X8 for a span of 280 days.

A cosine function was fit to the data in Figure 3.14 to determine the amplitude and
phase offset as functions of depth. Results of the cosine fit indicate that the phase lag increases
linearly as a function of depth with a slope of 29 days/m (Fig 3.15a). The amplitude decreases as

87

a negative exponential function of depth, with an exponential coefficient of 0.51 1/m (Fig.
3.15b). Temperature data from 7.6 m depth was excluded from the analysis because the cosine
function fit poorly. This is possibly because the water table was in the vicinity of the 7.6 m depth
thermistor, and the fluctuations of the water table influenced the sinusoidal nature of the
temperature data.
The assumption that surface air temperature data approximates the temperature at z=0
m appears to be true for the time lag calculations because the phase lag plots along the linear
trend of the subsurface measurements (Fig. 3.15a). The amplitude of the surface air
temperature is slightly smaller than expected from the linear fit with amplitudes from the
subsurface data (Fig 3.15b). The phase lag and amplitude results in Figure 3.15 were input into
eqs. (2.8) and (2.9) to estimate thermal diffusivity. The results indicate that the average thermal
diffusivity is (α) is 3.9x10-7 m2/s with a standard deviation of 8.3x10-8 m2/s.
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Figure 3.15: Subsurface temperature phase lag (a) and amplitude (b) plotted as functions of
depth. The slope of the best fit line for a) is 29 days/m, whereas the function for b) is
Tamp=10.5[oC]exp(-0.51[1/m]x).
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Pore Pressure
Pressure in the vadose zone (matric potential) was measured at a depth of 6.2 m below
the datum, and the pore pressure in a Well 1 was measured for the screened interval at 13 m
below the datum. Both pressure data sets decreased and then increased with a range of
approximately 5 kPa for the 280 data set from July 2014 to April 2015 (Fig 3.16). The two
pressure signals were roughly parallel during the first part of the record, decreasing at
approximately 40 Pa/day (4mm of head/day). The pressure in the vadose zone lagged the
pressure in the piezometer by approximately 25 days. The piezometer data reached a minimum
on approximately day 1055. The data were characterized by two “humps” of increasing then
decreasing pressure that occur from day 1015 to 1050 and day 1060 to 1080. The minimum of
the pressure data in the vadose zone occurred approximately 40 days later than piezometer
data. The piezometer data increased sharply at a rate of approximately 55 Pa/day from day
1090 to day 1115, and the vadose pressure data increased at a rate of 40 Pa/day from day 1100
to 1125. Piezometer and vadose zone data increased for the remainder of the data set, but the
rate decreased to approximately 20 Pa/day for both data sets.
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Figure 3.16: Matric potential as a function of time from the vadose zone at 6.2 m below the
datum (blue) and pore pressure as a function of time from a piezometer in the saturated zone
(black). Data are presented with a 10 minute moving average applied.

Pore Pressure and Temperature Analysis
Five analyses were conducted using different models for parameter estimation of long
term displacement resulting from changes in pore pressure and/or temperature fluctuations
(Table 2.1). The values of the thermal loading coefficient, CT, pore pressure loading coefficient,
Cp, and pressure phase lag, were adjusted in the models to minimize the residual. The model
which most effectively reduced the standard error between the calculated data and the
measured data was selected as the best model and the model parameters were used in other
analyses. Model 0 calculated the standard error about the mean of the measured data for
comparison.
The standard error results of the analysis indicate that the three parameter analyses
(Models 4 and 5) most effectively predict the long term variability from pore pressure and
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temperature fluctuations (Table 3.1). The three parameter analysis with piezometer data (Model
4) was selected for further analysis. The standard error reduction was slightly greater for the
three parameter analysis with vadose zone pressure data (Model 5) for X5 and X7, but the
results were similar to Model 4 upon visual inspection. Since the results were similar and more
water level data were available at the site, water level data were chosen for this analysis.
Table 3.1 Standard error of model estimates of displacement caused by pore pressure and
temperature fluctuations. The error values for observed data (Model 0) are the standard error
about the mean.
Models

SE X3

SE X4

SE X5

SE X7

0

19.7

51.0

21.0

62.7

1

17.4

50.8

19.1

25.0

2

5.3

11.6

4.8

16.6

5.5

23.6

5.7

12.0

2.7

11.6

4.0

9.6

4.8

15.9

3.5

8.6

= piezometer
3
= vadose zone
4
= piezometer
5
= vadose zone

The selected model predicted much of the long term behavior in each the data sets (Fig
3.17). The variance of the observed signals was reduced and is approximately even about the
mean. There are still some trends and differences in the long term trend of the residual data.
For example, X5 results (Fig 3.17c) have an overall deformation rate of -0.3 um/day over the first
75 whereas X4 results (Fig 3.17b) have an overall deformation rate of 0.6 um/day over the same
time period. X7 results (Fig 3.17d) also have two “humps” (increasing deformation followed by
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decreasing deformation) in the data set with peaks at days 1038 and 1120. These humps are
unique to the X7 data set.
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Figure 3.17 Observed displacement (black), calculated displacement using Model 4 from Table
3.1 (red), and the residual between observed and calculated displacement (blue) for a) X3, b)
X4, c) X5, and d) X7.

The thermal loading coefficients were negative, ranging from -0.3 μm/°C to -37 μm/°C
(Table 3.2). This indicates that the extensometer compresses when the temperature increases,
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which would occur when the coefficient of thermal expansion of the soil is greater than that of
the extensometer. The lowest value occurred at X4 and is associated with the greatest
uncertainty (+/- 17 μm/°C). As a result, it seems feasible that the thermal loading coefficient is
approximately -15 μm/°C for the extensometers at 6 m (X3, X4, X5) and is approximately twice
this at the shallower extensometer, X7 (Table 3.2).
The time lag results indicate that changes in pore pressure occur one to two weeks
before displacement at X3, X4, and X5 ( is negative). The results for X7 are distinctly different
from the other, deeper extensometers. The time lag indicates that displacement occurs 112
days before (or 365-112= 253 days behind) the measured water level. The significantly longer
time lag and high variability (+/- 33 days) may indicate that pore pressure measurements at
depth may not be an appropriate estimate of pressure changes at X7.
Table 3.2 Best-fit results of Pore Pressure and Temperature Analysis. The 95% confidence
intervals of parameter estimates are included as well as statistical analyses of the data fits:
mean square error (MSE), and standard error of the estimate (SEE).

[μm/kPa]

[days]

[μm/°C]

MSE

SEE

X3

12 +/-1.3

-7 +/-4.0

-15 +/-3.8

7.2

2.8

X4

32 +/-11

-8 +/-7.2

-0.3 +/-17

134

11.5

X5

13 +/-2.0

-13 +/-7.3

-11 +/-5.8

16.3

4.0

X7

12 +/-2.8

113 +/-33.7

-37 +/-5.8

92.8

9.6

OTHER PROCESSES: BAROMETRIC PRESSURE AND HYDROLOGIC PROCESSES
After the removal of the annual period processes, shorter period processes were
analyzed. Changes in barometric pressure and hydrology were identified as variables that occur
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with sub-annual periods and affect displacement. The data sets and analysis results related to
these two variables are describes below.
Barometric Pressure
A 36-day-long segment of barometric pressure data from Oct 8 to Nov 13 of 2013 was
selected for the initial barometric pressure analysis. This segment of data was selected because
there were only two, small, rain events (5 and 8 mm), and
evapotranspiration was expected to be relatively small.

Table 3.3: Barometric loading
coefficients from Fall 2013 Data

As a result, the displacement data was expected to

[μm/kPa]

respond primarily to barometric pressure fluctuations.

X3

-2.3

The long-term trend was removed and the barometric

X4

-4.0

loading coefficient was estimated by plotting

X5

-1.7

X7

NA

displacement as a function of barometric pressure (Fig.
3.18).

Displacement from X3, X4, and X5 ranges over 5 to 10 microns and forms bands with
similar slope when plotted as a function of barometric pressure (Fig. 3.18). The results indicate
that displacement is linearly related to barometric pressure during time intervals of one to a few
days, but the linear correlation is offset at various times during the record. The slopes of the
bands are consistent and these values are taken as the barometric loading coefficients for the
extensometers. The results indicate that barometric loading coefficients range from -1.7 to -4.0

μm/kPa for X3, X4 and X5 (Table 3.3),. Data from X7 is poorly correlated to barometric pressure
during this time period, so a barometric loading coefficient for X7 could not be established.
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Figure 3.18: Displacement as a function of barometric pressure during Fall 2013 for a) X3, b) X4,
c) X5, and d) X7. Red line shows the slope of a line fit through a representative band of data for
X3, X4, and X5.

The barometric signal in displacement was removed by subtracting the barometric
pressure data multiplied by the barometric loading coefficient (Fig 3.19). The displacement
record changed substantially following the removal of the barometric pressure signal. This
process eliminated the majority of the prominent spikes that occurred approximately every five
days. One characteristic that became more evident once the barometric signal is removed,
especially in X3 (Fig 3.19a), was that there were two abrupt decreases in the displacement at
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days 655 and 670. This decrease in displacement was caused by two relatively small rainfall
events that were obscured by barometric pressure fluctuations in the original record. The more
gradual increase in displacement between the rainfalls was presumably caused by
evapotranspiration between the rainfalls.
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Figure 3.19: Measured and calculated displacement as a function of time. The estimated displacement
caused by barometric pressure (red) was subtracted from the original displacement data (black) for a 36
day period for a) X3, b) X4, and c) X5.
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A barometric loading coefficient was assumed for the entire data set, and the
barometric pressure signal was removed using the loading coefficients from Table 3.3. The
analysis effectively removed the barometric pressure signal from displacement data during
some periods (ex. Fig 3.20a), but a diurnal signal resembling barometric pressure persisted
during other periods (ex. Fig 3.20b). These results suggested that the barometric loading
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Figure 3.20: Measured (black) and calculated (red) displacements from barometric pressure as
a function of time at X3. The blue line is the residual between the measured and calculated data.

Further analysis of the time dependency of the barometric loading coefficient was
conducted using the 1 and 2 cycle per day components of barometric pressure and
displacement. The 1 and 2 cycle per day signals were extracted using a Butterworth filter, and
the slope of the best fit line between the components of barometric pressure and displacement
was the barometric loading coefficient. To distinguish between the original loading coefficients,
the loading coefficients determined with 1 and 2 cycle per day data is referred to as the periodic
barometric loading coefficient, Cbp. The analysis was applied incrementally to segments of data
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using a three day time window and a one day time step. The correlation between diurnal
barometric pressure and displacement was good on most days and the slope was calculated
with reasonable certainty. On some days, the correlation was poor and the slope was uncertain
and not used to calculate a loading coefficient. A coefficient of determination (R2) greater than
or equal to 0.75 was required to generate a barometric loading coefficient.
The periodic barometric loading coefficient changes as a function of time (Fig. 3.21). The
coefficient varies by approximately 1 m/kPa over time spans of approximately 1 week so a tenday moving average was calculated to smooth some of this variation (Fig. 3.21). The coefficients
at all three extensometers generally increase by approximately a factor of 2 over 2 months from
day 930 to day 1000, and then they are approximately constant over the next 200 days. The
general trend at all three extensometers is the same, but they also share some similar smaller
scale variations. For example, the ten point moving average (red line in Figure 3.21) in all three
data sets reaches local maxima at the same time every month or so (approximately at days 940,
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970, 1000, 1050, 1075, and 1125 in Figure 3.21).
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Figure 3.21: Periodic barometric loading coefficient for 3 day spans as a function of time at a) X3, b) X4, and
c) X5. Red line is the ten point moving average.

Another example of a time varying barometric loading coefficient is evident in 7 days of
X4 displacement data. To show this example, displacement was plotted as function of
barometric pressure with the average volumetric moisture content at the ground surface as the
color gradient of the line (Fig 3.22). Data early in the record indicate a barometric loading
coefficient of -3.4 m/kPa with average surface soil volumetric water content of 0.3. A 50 mm
rainfall occurred in the middle of the record, which caused the average surface soil volumetric
water content to increase to 0.45. The data shift and settle along a new line, with a slope of -22
um/kPa (Fig 3.22). This example shows that the barometric loading coefficient can change as a
function of moisture content at the ground surface.
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Figure 3.22: Displacement as a function of barometric pressure for seven days of X4 data from
November 2014. The color gradient of the line is the average volumetric moisture content at 5
cm depth. Dashed lines indicate the general slope of the data before and after a 50 mm rain
event.

Hydrologic Effects
Changes in hydrology at the site were evaluated by measuring rainfall, evaporation, and
soil moisture content. These data were compared to displacement with the annual signals and
barometric pressure signals removed. Observations and comparisons of the data sets are
presented in the following section.
Rainfall Response
Hydrologic effects were initially assessed by analyzing the displacement response to
rainfalls. The primary observed displacement response was negative deformation (compression)
that occurred during rainfall events. An example of the typical response occurred at X4 during
seven rainfalls from day 947 to day 984 (Aug 5 to Sept 11, 2014) (Fig 3.23). Displacements
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ranged from a few microns of compression during the smallest rainfall to nearly 25 microns
during a large rainfall at the beginning of the time period. The compression was abrupt and the
extension rate before each rainfall was resumed afterwards.
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Figure 3.23 Displacement (black) and cumulative precipitation (blue) as functions of time at X4.

The displacement during each rainfall was inspected and categorized. The compressive
response shown in Figure 3.20 was the most common. For example, it occurred at X4 during 26
out of 40 observed rainfalls (Table 3.4). There are three other observed responses to rainfall:
negligible, noisy, and rapid extension.
Table 3.4 Fraction of the occurrences for each of the four rainfall responses.
Compression

Noisy

Rapid Extension

Negligible

X3

17/43

12/43

7/43

7/43

X4

26/40

13/40

0/40

1/40

X5

22/43

11/43

5/43

5/43

X7

22/40

2/40

8/40

8/40
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Negligible: This response is characterized by displacements that are less than the
background variability. This response occurred at least once at each extensometer, and it was
always associated with small rainfall (less than 4 mm).
Noisy: This response is characterized by increased fluctuations in the displacement
signal that occur during and after the rain event. The overall response is typically compression,
but the noise is atypical. An example of this response occurs in X3 data from May 3 to May 7,
2013 (Fig 3.24). The noise is less than 0.1m prior to the rainfall, but it increases when the rain
begins and the noise during the rainfall is on the order of +/- 1 m (Fig 3.24). The 65 mm of rain
during this event resulted in 7μm of compression (Fig. 3.24).
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Figure 3.24: Displacement (black) and cumulative precipitation (blue) as functions of time at X3
during a rainfall with a Noisy response.

Rapid Extension: This response is characterized by the typical compressive response,
followed by a rapid extension (increase in displacement) during or soon after the rainfall. The
increase in displacement can be less than, greater than, or equal to the displacement before the
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rainfall occurred. An example of this response at X3 is occurred on day 932 (July 21, 2014) (Fig.
3.25) when 2 μm of compression was followed by 4 μm of extension during a 17 mm rainfall
event. The extension occurred at a rate of approximately 60m/day, but it was a short duration
and resulted in a net increase of 2 μm. Two smaller rain events of 3 and 7 mm occurred earlier
the same day and have typical compression responses (Fig 3.25). The rapid extension response
is absent from the X4 data, but characterizes 12% to 20% of the responses in X3, X5, and X7
(Table 3.4).
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Figure 3.25: Displacement (black) and cumulative rainfall (blue) as functions of time during a
rainfall characterized by rapid extension at a rate of 60m/day that occurs at approximately
932.4 days (marked by blue arrow). Normal loading behavior occurred during two rainfalls
earlier in the day.

Data with rapid extension responses were inspected over the 280 day data set from July
5, 2014 to April 12, 2015, and it was found that this response was often preceded by rain events,
much like that shown in Figure 3.25. Rapid extension responses were caused by rainfalls of at
least 9 mm and the average value was 23 mm. Of the rapid extension responses, 71%, 80%, and
50% had preceding rainfalls of 10 mm or greater within 2 days of the response for X3, X5, and X7
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respectively. One example of this is a rapid unloading response in X3 and X5 associated with a
40mm rain event on day 952 (Aug 10, 2014). This rainfall was preceded by a 20mm rainfall 1.5
days earlier (Fig. 3.26). During the 40mm rain event, X3 displacement began to decrease then
increased above the initial displacement at an extension rate of approximately 200 m/day. X3
data returned to approximately the initial displacement value within 0.5 days (Fig. 3.26).
Displacement from X5 also decreased initially then increased at a rate of approximately 100
m/day to half of its initial displacement value then leveled out with a net decrease of 2μm
following the rain event (Fig 3.26) . The displacement at X4 and X7 followed the typical loading
response, and in general, it is common for the rapid extension response to occur in some
extensometers while it is absent from others during the same rainfall.
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Figure 3.26: Displacement and cumulative rainfall as a function of time extensometers a) X3, b) X4, c) X5, and d)
X7 during rain events on day 950 (Aug 8, 2014) and day 952 (Aug 10, 2014).

Another example of the rapid extension response occurred when two 20 mm rain
events on day 1017 (Oct 14, 2014) were preceded by a 35 mm rain event 2 days earlier (Fig.
3.27). Both of the 20 mm rain events caused typical compression responses in X3 and X5 that
were followed by extension during the rainfall. Displacement returned to its initial value within 1
day of the first 20 mm rain event. During the first 20 mm rain event, X7 rapidly extended at a
rate of approximately 20 m/day. This extension rate continued for 24 hours then decreased
gradually.
Compression during rainfall characterized both of the X4 responses in Figures 3.26 and
3.27. Extension at a modest rate (less than a few m/day) is typical both before and after
rainfall, and in some cases the extension rate at X4 following rainfall was one or two times
higher than it was before the rainfall. However, the rapid extension response at the other
extensometers was more than 20 times faster than prior to the rainfall.
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Figure 3.27: Displacement and cumulative rainfall as a function of time extensometers a) X3, b) X4, c) X5, and d)
X7 during rain events on 1015 (Oct 12, 2014) and 1017 (Oct 14, 2014). X3, X4, and X7 have an immediate
rebound response from two 20mm rain events on day 1017.

Rainfall Calibration
Rainfall calibrations were conducted using selected rainfalls and displacement data.
Displacement data from storms with the typical compression response were used for the
analysis. Rainfalls with noisy, negligible or sudden extension responses were omitted from the
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analysis because displacement appeared to be affected by processes other than rainfall. The
rainfall calibrations were conducted by plotting displacement as a function of cumulative
rainfall. The slope of this correlation is the called the rainfall loading coefficient.
Data from the 280 day period used for analyses were used to evaluate the hydrologic
loading coefficient. Between 35 and 42 rainfalls were selected for analysis for each of the
extensometers. The average size of the rainfalls during this time period was 14 mm with an
average duration of 4.3 hours. The results show that displacement is a linear function of the
amount of rainfall, with slopes ranging from -0.13 m/mm to -0.34 m/mm, and with
coefficients of determination ranging from 0.74 to 0.89 (Fig 3.28). The best overall correlation
was at X4, where R2 = 0.89 for 37 storms, and the worst one was for X7 where 25 storms were
suitable for this application. There were more storms with anomalous response at X7 than at
the other extensometers, so there were fewer storms available for analysis, but the linear
relationship was quite well developed (R2 = 0.74 ) for the storms that were available.
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Figure 3.28: Cumulative displacement as a function of cumulative precipitation for a) X3, b) X4, c) X5, and d) X7. The red
dashed line is the linear best fit line with a zero intercept.

Changing water volume in the shallow soil
The rainfall loading coefficient was assumed to correlate displacement to the change in
water volume. The coefficient was determined for each extensometer, and the value was
assumed to apply to change in water volume during both rainfall and ET. As such, this
coefficient was crucial to making hydrologic interpretations from displacement measurements.
The uncertainty in the rainfall coefficient is important because this uncertainty propagates to
the hydrologic interpretation. Uncertainty in the rainfall coefficient was determined by
evaluating the slope of each individual rainfall and calculating the standard deviation of the
slopes.
The effects of changing water volume in the soil were estimated by dividing the
displacement data (with pore pressure, temperature, and barometric pressure signals removed)
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by the rainfall loading coefficient (Fig 3.29). This assumes that the effects of pore pressure,
temperature, and barometric pressure are the only ones that cause displacements, other than
changes in the load applied by water at shallow depths.
The data from three DEL-X instruments are similar in many respects, but there are also
some notable differences. A linear regression was conducted over the data sets and slopes of 0.04, -0.09, and 0.00 mm/day were calculated for X3, X4, and X5 respectively. The small slopes
indicate that the overall water budget is balanced, with possibly some slight moisture decreases
at X3 and X4.
The data are generally characterized by relatively rapid increases and gradual decreases
in water volume (Fig 3.29). The rapid increases in water occur during rainfalls, whereas the
negative slopes are assumed to be caused by from water loss by either ET or downward or
lateral flow. The slope at the site is quite flat, 0.01 or less, so lateral flow is assumed to be
minor. As a result, the negative slopes in Figure 3.29 are assumed to occur from ET and
recharge.
Most of the rainfalls result in an increase in the calculated water volume that is
proportional to the rainfall magnitude. This is unsurprising because it follows from the fairly
good correlations in the rainfall loading coefficients (Fig. 3.28). The water volume decreased at
similar rates among the extensometers in some cases. For example, the water volume
decreased at a rate between 1.5 mm/day and 2.5 mm/day at the three extensometers between
days 980 and 1010 (Fig. 3.29). During other time periods (e.g. days 1020-1050 and 1060-1090),
the water volume generally changed by less than 1 mm/day at all three extensometers, with
increasing rates occurring at some and decreasing rates at others.
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During other time periods, the results from the three extensometers appear to be more
at odds with each other. For example, the water volume from days 950 to 980 was increasing at
X3 and X5 at an average rate of 2 mm/day, but decreasing at X4 at 4 mm/day. The cause of this
difference is unclear because the water volume increased during rainfall and decreased
between rainfalls at all three extensometers. The rate of decrease between rainfalls at X4 was
roughly twice (-6 mm/day) the rate between rainfalls at the other two extensometers. One
factor that may have affected this response is the relatively large increase in water volume that
occurred at X4 on day 953. The unusually fast rate of decrease at X4 may have occurred in
response to the large increase that occurred during the preceding rainfall.
Some rainfalls resulted in a large increase that was followed by a rapid decrease in
stored water volume. For example, data for all three extensometers decreased at rates of 9 to
12 mm/day following a large rain event on day 1018. Decreases in water are inferred to result
from ET and recharge. ET rates are expected to be less than 5 mm/day, so rates that decrease
faster than this are interpreted as a result of recharge.
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Figure 3.29 Relative water volume stored in the soil inferred from displacement data from X3, X4,
and X5. Data have been offset along the y axis to facilitate comparison.

Integrated soil moisture in the upper 0.6 m was compared to water volume estimated
from displacement. The analysis was conducted by evaluating the relationship between the net
differences in displacement between two measurement points as a function of the net
differences in integrated soil moisture between consecutive measurements. The results are
generally scattered about the one to one lines (Fig 3.30), but are not highly correlated with
correlation coefficients of 0.30, 0.69, 0.33, and 0.14 for X3, X4, X5, and X7 respectively. The
average time between consecutive integrated soil measurements was 12 days, and the
maximum time between measurements was 37 days. It is likely that the low temporal resolution
of the integrated soil moisture measurements affected the results of this analysis. Rapid
extension rainfalls or other anomalous displacement events occurring between the
measurements would affect the net change in the water volume estimate from displacement

111

data. This analysis would have benefitted from higher resolution soil moisture measurements at
depth, but those data were not available for this study.
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Figure 3.30 Change in water volume from displacement data as a function of change in
integrated moisture content from 50 mm to 600 mm depth. Dashed red line is one to one line.

The water volumes calculated from displacement were also compared to the average
moisture content calculated by four EC-5 moisture probes integrated to a depth of 150 mm. A
comparison between the two data sets indicates that they have the same general relative
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increases and decreases (Fig 3.31). The scale of water volume results from X4, X5, and X7 is
approximately twice as large as the scale of the integrated moisture data. The scale of the soil
moisture measurements could be adjusted by changing the integration depth, but I found no
justification for different integration depths among the extensometers.
The relatively fast increases in the data are caused by rain events, and they are observed
in data from both methods for the majority of the events for extensometers X3, X4, and X5. Data
from X7 respond to the rain events observed in soil moisture data from the beginning of the
data set until day 1015, but they are not as distinguishable after day 1015 (Fig 3.31d). The
relatively slow decreases in moisture are attributed to evapotranspiration and/or infiltration.
The rates of decrease are similar between the two methods, but in general the moisture
decreases estimated from displacement data occur at a higher rate than the EC-5 moisture
measurements. For example, the rate of X4 data from approximately day 1020 to 1025
decreases at a faster rate than EC-5 measurements (Fig 3.31b).
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Figure 3.31 Water volume estimated from displacement (black) and average near surface moisture from EC-5
measurements (red) as a function of time for a) X3, b) X4, c) X5, and d) X7. The average volumetric moisture
content at 50 mm was integrated to a depth of 150 mm.

Further analysis was conducted to compare water volume from displacement and
average surface soil moisture measurements by calculating the slopes of the best fit lines of the
two data sets and plotting them verses one another. The goal of the analysis was to evaluate the
correlation of the relative changes in moisture content between the two measurement
methods. The slopes of the best fit lines between the average soil moisture slopes and the
hydrologic equivalent slopes for X3, X4, X5, and X7 are 0.98, 1.2, 0.87, and 0.38 (Fig 3.32), and
the correlation coefficients are 0.72, 0.73, 0.66, and 0.30.
Hydrologic equivalent from X3 and X4 have slopes near one, and their correlation
coefficients are at least 0.72. These two data sets best characterize the fluctuations in average
soil moisture. There is vertical scatter of the data around the best fit line of approximately 5mm.
Some variability in the slope is expected due to the variability in the estimate of the hydrologic
coefficient. There are also rapid extension responses to rain and other data anomalies that are
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present in the hydrologic equivalent data. In general these results, excluding X7, indicate that
the overall soil moisture fluctuations near the ground surface are characterized by the
displacement data.
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Figure 3.32 Slope values of hydrologic loading equivalent as a function of slope values of integrated surface
moisture data for a) X3, b) X4, c) X5, and d) X7. The linear slopes were calculated with two day spans of data,
and the red line is the linear best-fit result. Approximately five outliers were excluded from the analysis.
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Cumulative Effects of Rainfall, ET, and Recharge
The water accumulated from rainfall was compared to the accumulated water volume
from Figure 3.29 obtained by integrating the extensometer data. Intervals from the water
volume record were integrated with time steps of 10 minutes during rain events, and these data
were plotted along with the accumulated rainfall (Fig. 3.33).
The integrated cumulative water volume is similar to the cumulative precipitation for
the first half of the record, and the record at X5 is remarkably similar to rainfall over the entire
record (Fig 3.33). Three differences between the precipitation and cumulative water volume
were present for all extensometers and occurred at days 1020, 1100, and 1150 and are
highlighted with a blue transparent bar in Figure 3.33. The accumulated water volume
underestimated cumulative precipitation at day 1020 and overestimated precipitation at days
1100 and 1150 for all four extensometers. These were the only three differences in X5 data, but
other differences were present in the other three extensometers. In most cases, errors in the
magnitudes of the responses during rainfall caused the cumulative curves to shift, but then they
tracked roughly parallel to the rainfall data. An exception occurred at X3 where the slope of the
water volume data after day 1100 (6 mm/day) was significantly steeper than the rainfall rate
(~2.5 mm/day).
The major reason why the plots of accumulate water volume differ from the cumulative
rainfall is that some of the rainfall responses are non-linear and differ from the linear
relationship shown in Figure (3.28). The displacement response was anomalously small or
negligible during some storms, and during others, the compressive displacement reversed. Both
of these responses caused the cumulative water volume to track below the rainfall after these
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storms. Variability in the rainfall loading coefficient could account for the instances when the
cumulative water volume estimate exceeds the cumulative precipitation measurement.
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Figure 3.33 Cumulative precipitation (blue) and cumulative water volume determined from
displacement data (red) as a function of time for a) X3, b) X4, c) X5, and d) X7. Rainfalls with
differences in cumulative precipitation measurements and accumulated water volume
measurements are marked by blue bars.

The cumulative rates of decreasing water volume were calculated and compared to
cumulative precipitation, evapotranspiration, and recharge estimates (Fig 3.34). Recharge was
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estimated by subtracting cumulative precipitation by evapotranspiration. This method does not
account for changes in storage and is the maximum recharge estimate. The integration was
executed with one day steps. A filter was also applied to remove any decreases in water volume
with rates greater than 6 mm/day. This value was selected because it is beyond the upper range
of expected decreases from evapotranspiration. The cumulative results of the moisture
decreases larger than 6 mm were also evaluated.
The rates of water volume loss with rates less than 6 mm/day and evapotranspiration
rates are similar for each of the extensometers at the beginning of the analysis, but the rates of
water volume loss were greater than the evapotranspiration rates starting at days 1000 to day
1100 for the four extensometers (Fig 3.34). This indicates that the decreases in moisture content
are similar to the losses expected from evapotranspiration for the first segment of data, but
they are larger than expected from evapotranspiration for the later segments of data.
The cumulative results of the rates greater than 6 mm/day are generally similar in shape
and relative magnitude of the recharge data. The final cumulative values of X5 and X7 are
closest to the recharge estimates, but X5 does not have a response from the major recharge
events at days 1020 and 1060 (Fig 3.34). The two largest response from X7 occurs at days 1020
and 1060 (Fig 3.34). The timing of these events corresponds to the increases in water level in
Figure 3.35 which is indicated by the transparent blue lines in both figures. The two lines
correspond to rain events that caused a rapid extension response in displacement data. The
dashed line indicates a rain event that is thought to have produced a rapid extension response,
but unfortunately displacement data are not available at that time for confirmation.
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Figure 3.34 Cumulative precipitation (blue), evapotranspiration (green), maximum recharge estimated by
precipitation minus evapotranspiration (red), extension with rates less than 6mm/day (purple), and extension with
rates greater than 6mm/day as a function of time for a) X3, b) X4, c) X5, and d) X7. The blue transparent lines
indicate the start of increases in the water table data.
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Figure 3.35 Water table height as a function of time with a starting point of 0 m. The
blue transparent lines indicate the start of increases in the water table data.
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CHAPTER 4: DISCUSSION AND CONCLUSIONS
The hydromechanical technique developed during this study was a reliable method for
measuring displacement with more than 90 percent operational time over 2.5 years, and the
instruments are operational as of this writing. The acquisition of a multi-year data set allowed
the seasonal trends of displacement data to be identified and analyzed.
Vertical displacements were assumed to be caused by changes in pore pressure,
temperature, barometric pressure and water content in shallow soils. Moreover, it was
assumed that these processes were independent of each other, and their effects were
superimposed as the total displacement. Methods were developed for characterizing
components of displacement caused by changes in pore pressure, temperature, and barometric
pressure. These components were then subtracted from the observed data. The resulting
dataset was divided by a linear factor relating changes in water load to displacement, resulting
in a time series of the equivalent water load, or water volume. The water volume was compared
to other estimates of average soil moisture content.

COMPONENTS OF DISPLACEMENT
A primary assumption of this research was that the main processes affecting vertical
displacement at depth are changes in pore pressure, temperature, barometric pressure, and
water content in shallow soils. This research confirmed that barometric pressure, pore pressure,
and temperature cause displacements, and the results indicate that these signals could be
identified reasonably well.
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Pore Pressure
Pore pressure changes of approximately 4500 Pa with an annual period caused the
largest variation in displacement, ranging from 100 μm to 200 μm. The water table was below
the lower anchor when the extensometers were installed, but it rose by approximately 2 m near
the beginning of the study period and was between the anchors during most of the test. As a
result, the long-term trend of the displacements followed the changes in water level in a nearby
monitoring well. Temperature also varied with an annual period, but it had a smaller effect than
pore pressure for the installations at 6.1m.
The original design was for the extensometers to be placed deep within the vadose zone
where they would be unaffected by temperature changes and above the water table to avoid
the changes in pressure associated with the fluctuating water table. The rise in water table that
occurred during the study was unexpected. The findings here confirm that a fluctuating water
table can induce significant displacements, but they also show that it is possible to characterize
this effect reasonably well by monitoring water pressure. It is probably better for
extensometers to be fully above or fully below the water table, but this study shows that they
can be successfully deployed and interpreted when they straddle the water table.
Barometric pressure
Barometric pressure fluctuations caused displacements on the daily to weekly scale. The
barometric loading coefficient also changed with time. This result was unexpected, but it is
possible that the changes in the coefficient were caused by changes in average moisture
content. Fluctuating water content in the pore spaces could affect the subsurface propagation
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of the barometric pressure signal which would affect the displacement response to barometric
pressure fluctuations.
A comparison of the time dependent barometric loading coefficient for X3 and the soil
moisture integrated to 0.6 m indicates that an increase (more positive) in the loading coefficient
generally corresponds to an increase in average moisture content (Fig 4.1). This means that the
modulus gets stiffer as average moisture content increases if this hypothesis is true. The timing
of the sustained increase in the loading coefficient began at day 950 whereas the sustained
increase in soil moisture data began at day 1050. This is a plausible response based on the
hydrology measurements at the site. The water loss from evapotranspriation decreases from
the beginning of the data set until day 1100 which would indicate a net increase in the water
storage in soil moisture. However, the integrated soil moisture continued to fluctuate and had
large decreases in moisture content at days 1000 and 1045. Since the large decreases in water
content are not attributed to evapotranspiration, they can be attributed to infiltration. The
barometric loading coefficient indicates the increase in moiture content before the near surface
moisture measurements because it is responding to a larger averaging region. The near surface
moisture reaches and maintains a higher degree of saturation at day 1050. This interpretation
seems possible, but higher temporal resolution integrated moisture data would help in the
evaluation.
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Figure 4.1 a) Periodic barometric loading coefficient and b) soil moisture integrated to 0.6 m as a function of
time. The red line in a) is the ten point moving average. The black dashed line in b) is the average of the four
measurements.
Rain response
Four responses to rainfall were observed in displacement data. The interpretations for
each of these responses are:


Compression – Compression of the extensometer occurs because of the increase in the
mass load caused by the addition of water. This is the expected response from rainfalls
and was observed in the majority of the rain events.



Rapid Extension – Rapid extension of the extensometer during or soon after rainfall
probably occurs as a result of several processes. The water table rose during and
following several of the rainfalls with this response, which suggests that the rapid
extension is associated with recharge. Recharge would reduce the load caused by water
at shallow depths, causing extension. However, the downward flow rate would likely be
too small to explain the rate of extension.
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Increasing the pore pressure between anchors would also cause extension. It is possible
that water rapidly infiltrated to the depth of the extensometer, increased the water
pressure in the vicinity of the anchors, and this contributed to the rapid extension. This
response typically occurred during relatively large rainfalls that were preceded by
significant rainfalls within a few days. High antecedent water contents, coupled with fast
flow paths could have resulted in downward flow that was rapid enough to reach the
6m depth within the few hour time scale. Fast flow paths could be naturally occurring
(e.g. animal burrows or fractures), but it is also possible that they could be artificial.
The casings used for the extensometers were sealed with cement, but it is possible that
a small annulus formed due to shrinkage. It is also possible that trenches or borings
made during previous activities at the site contributed to rapid recharge.
Lateral overland flow may also reduce the load on the extensometer. The field site is
gently sloping with tall grass, so it seems unlikely that overland flow would be a
significant factor at this site.


Noisy – These responses occurred in two different scenarios. 1) Rainfall causes an
increased sensitivity to barometric pressure fluctuations which introduces more
variability to the data during rainfalls. The time dependent barometric pressure analysis
was not applied at high enough resolution to remove this effect from individual rainfalls.
2) Some periods of displacement also had larger amounts of noise in the data.
Compression from rainfalls was distinguishable, but the data did not typically result in a
good correlation with rainfall because of the increased noise.
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Negligible – All of the negligible responses were from small rainfalls (<4 mm). The
extensometer has the ability to resolve rains of those sizes, but the small rains do not
exceed the noise level caused by fluctuations from other variables. Therefore, there is
not a noticeable signal in displacement data.

Soil Moisture
Changes in the water volume calculated from the displacement were generally similar to
changes in moisture content measured using other methods. The water volume changes from
displacement were generally scattered about the one to one line when compared to soil
moisture integrations to 0.6 m made approximately every two weeks. The scatter of these
measurements is attributed to the uncertainty of the mean moisture measurements and effects
of the low temporal resolution on displacement data. Higher frequency measurements recorded
every 10 minutes using soil moisture sensors in the upper 5 cm followed the detailed variations
in the 6-m-deep extensometers. Those data show that the time series of water volume
resembles the time series of shallow moisture content, although the changes in volume
measured at shallow depth are generally smaller than the water volume changes estimated
using the extensometer. This seems reasonable, however, because the maximum volume
change is limited by the depth range over which the measurements from the shallow sensors
are integrated, so it will likely be smaller than the actual change in water volume during large
rainfalls.
There is significant uncertainty in the estimates of soil moisture from the site
measurements. The average soil moisture estimates measured at the four access tubes with the
Dynamax PR2 probe have a mean standard deviation of 9 mm , but the measurement
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uncertainty is even larger, in the range of 16 mm to 32 mm. The uncertainty in the
measurements made with the EC-5 is approximately 8 mm when the water content
measurements are integrated over 150 mm. However, the depth of integration needed to
convert the measurement of water content to water volume is unclear, and it probably varies
with time.
These uncertainties contribute to the discrepancies between the water volumes
estimated with the displacement data and from the moisture content sensors. The similarities of
the results from this study are encouraging, but additional measurements of soil moisture with
less uncertainty are needed to provide further verification.
Another potential source of uncertainty may result from the fluctuating water table
over the span of the anchors. Changes in water content may cause changes in the elastic
modulus or the Biot-Willis parameter, which would affect the rainfall loading coefficient. The
original design of the field experiment was to put the extensometer deep within the vadose
zone, but above the water table. The air-filled pores in the vadose zone would cause the
Skempton effect to be small, and changes in the moisture content several meters above the
water table would likely be small. However, the water table rose by 2 m and it was between the
anchors during most of the experiment. This caused saturated conditions at the lower anchor
and variable saturation at the upper anchor. One consequence of this may be an increased
sensitivity to changes in pore pressure. It is likely, for example, that the rapid expansion
response to rainfall is a result of infiltration pressurizing the region between the anchors. This
would occur more easily under saturated conditions where the specific storage was low than it
would under partially saturated conditions with a large specific moisture capacity.
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INTEGRATION RESULTS
Integration results varied with the time step of the integration. Time steps smaller than
one day resulted in integrated values larger than the cumulative results for precipitation. This is
likely a result of incomplete removal of barometric pressure fluctuations that occur with periods
less than one day. Time steps of one day or larger poorly resolve the increase in water content
associated with rain events. This is why different time steps were used to evaluate the loading
and unloading components of displacement. The time steps that were used in the analysis are
the ones that appear to best represent the expected conditions, but the variability introduced
by changing the time step used in the integration indicates the considerable uncertainty
associated with this analysis.
The large extension rates (>6 mm/day) of X7 correspond to the timing of two increases
in water level data. Extension rates in X3 and X4 are largest at the onset of a long-term increase
in the water level. These results indicate that the large extension rates may be associated with
recharge events.
The large extension rates during rainfall occur at some instruments while the normal
compressive response occurs at other instruments. This suggests that the large extension rates
are responding to a process that is local to each extensometer. It is possible, for example, that a
localized flow path near an extensometer could result in a local change in pressure that caused
extension at one extensometer but had a minor effect at other nearby instruments. One source
of this effect could be leakage down the access casing for the extensometer. Considerable care
was used when installing the casings--we used expanding cement in a boring with smear
removed with a hand auger. Nevertheless, it is possible that the cement cracked or a micro
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annulus formed that allowed water to reach the extensometer after prolonged heavy rain. It is
also possible that a similar effect occurred due to flow through naturally occurring fractures.
A localized recharge process seems to be a reasonable explanation for the sudden
extension during rainfall, but it cannot be confirmed without local pressure measurements
associated with the extensometers. Future design modifications of the extensometers would
benefit from including pore pressure sensors to evaluate this effect.

LOADING COEFFICIENTS
The loading coefficients for pore pressure, barometric pressure, rainfall, and point
loading were compared among the extensometers (Table 4.1). The elastic modulus determined
from the point load calculation was converted to a loading coefficient using eqs. (8) and (9) from
Murdoch et al. (2015), which give a point loading coefficient, CpL, as

C pL 

L
C1 E

(4.1a)

where L is the gauge length of the extensometer (1.5 m) and

C1 

1 
1   2 2

(4.1b)

which follows from the assumption that the loading is uniaxial. C1 increases from 1.1 to 1.3 as ν
increases from 0.2 to 0.3, but it increases more sharply to 2.1 when ν=0.4 and approaches
infinity as ν approaches 0.5. It was assumed that C1 = 1.3.
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The results indicate that the pore pressure, Cp, and rainfall, Ch, loading coefficients differ
by less than 10 percent for three extensometers, and they are within the uncertainty range for
the remaining extensometer, X3. The point load coefficient, CpL, is less than Cp and Ch, but the
ranges of uncertainty for the three coefficients overlap. These loading coefficients are similar
among three of the extensometers, but X4 has loading coefficients that are approximately twice
as large as the others. This suggests that the material enveloping X4 is more compliant than at
the other extensometers. Perhaps more importantly, the comparison suggests that three
different sources cause displacements that are similar within the limits of the experimental
uncertainty.
The barometric loading coefficients, Cb, are five to eight times smaller than the other
three coefficients (Table 4.1). The implication is that barometric pressure fluctuations cause
smaller variations in displacement than expected from the other coefficients. A possible source
of the smaller response is equilibration between the barometric pressure and the air pressure
inside of the casing. This would happen if the wells were vented to the atmosphere. The original
design of the well head called for an air tight seal, but it is possible that this seal was not
obtained.
Table 4.1 Loading coefficients calculated using different types of loading. Cp is from pore
pressure, Cb is from barometric pressure, Ch is from rainfall, and CpL is from point loading.
Mean values with one standard deviation in parentheses. One standard deviation above
and below the mean as calculated using eq. (4.1) is given in parentheses for CpL.
[μm/kPa]

[μm/kPa]

[μm/kPa]

CpL [mm/kPa]

X3

12 (±1.3)

2.3 (±1)

18 (±5)

14 (10 to 25)

X4

32 (±11)

4.2 (±0.6)

30 (±9)

20 (14 to 34)

X5

13 (±2.0)

1.8 (±1)

13 (±4)

9 (7 to 11)

X7

12 (±2.8)

NA

13 (±9)

8 (5 to 15)

131

The results of this study also indicate that loading coefficients can change as a function
of time. The periodic barometric loading coefficient, Cpb, changes on a seasonal scale with the
same relative fluctuations among three extensometers. The results of the point loading tests
also vary with time. However, there does not appear to be a systematic change in the point
loading results among the extensometers. The low temporal resolution and relatively few
number of point loading tests do not permit a definitive conclusion on the nature of the time
variability of the point loading coefficient. A possible explanation for the variability of the
loading coefficients with time is the fluctuating water table in between the anchors. The
fluctuating water table could cause changes in the Biot-Willis coefficient at the depth of the
extensometers which would result in changes in the distribution of applied loads.

INSTALLATION PROCEDURE
The revised installation procedure developed for this research was successful in
saprolite in South Carolina, clay in Texas, and loess in Nebraska. Extensometers were installed
and functionality was verified with point loads in each of the three geologic settings. However,
the installation technique should be modified for future installations in stiff clay with caliche,
like that encountered in Texas. Several rods and samplers were bent because of the force
required to push the samplers into the soil. The installation tools (funnel, funnel inserter, drive
head, Gap Tool, and Set-Up Tool) were effective at all of the sites and made the installation and
set-up process more efficient.
The hole gauging technique also proved to be an important aspect of the installation
process. It provides an effective method for verifying the suitability of each hole before an
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extensometer is deployed. These were valuable data for one installation at the Nebraska site
where the hole size was larger than anticipated. If hole gauging were not conducted, the
extensometer may not have functioned properly when installed into an oversized hole.
The point loading process was modified as this research progressed. It was determined
that point loading can be conducted successfully with at least ten consecutive applications of
body weight loads. It was also discovered that changes in barometric pressure can have a large
impact on the displacement data during point loading tests. For this reason, it is highly
recommended that point load analyses are conducted when barometric pressure fluctuations
(wind) are as small as possible. The most consistent displacement results were obtained when
barometric pressure was stable.

CONCLUSIONS


The hypothesis that displacement responds to changes in pore pressure, temperature,
barometric pressure, and mass loading from water is verified. Environmental data from
the field site were used to establish coefficients that relate the changes in these four
variables to changes in displacement. The coefficient results for most variables from
multiple testing techniques are similar within the range of experimental uncertainty.
The barometric pressure coefficient is 0.1 to 0.2 times the other loading coefficients and
changes as a function of time. It is possible that the changes of the barometric loading
coefficient occur as a result of changes in moisture content.



The removal of pore pressure, temperature, and barometric pressure components of
displacement is necessary to isolate the moisture signal in displacement. The dominant
long-term component of the displacement signal was pore pressure, and temperature
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had a relatively small influence on displacement at the 6-m-deep instruments.
Barometric pressure caused daily and weekly fluctuations in displacement. The removal
of these three signals enabled the evaluation of effects from rainfall, ET, recharge, and
soil moisture content.


Displacement has four characteristic responses to rainfall. Compression is the common
response for all extensometers. Compression followed by rapid extension occurred
during some rainfalls at three of the four extensometers. The rapid extension response
occurred most commonly during large rainfall preceded by other large rainfall, and it
seems to be related to recharge events.



Changes in moisture content measured by displacement are generally similar to changes
in moisture content near the ground surface. The differences between the two can be
attributed to the differences in scale and/or the temporal resolution between the
measurement techniques.



The modified technique for installing and setting up the extensometers is reliable and
was used to successfully install extensometers in three different geologic settings
underlain by saprolite, loess, and clay. All ten extensometers installed during this study
were functional. The two original extensometers installed in 2012 remain operational
after more than 4 years. Minor equipment problems occurred during this time, but the
instruments were functioning for over 90 percent of the study period. Extensometers
installed in playas in Texas remained operational until their casings were inundated by
rising water, indicating that design modifications will be needed to operate the
instrument under submerged conditions.
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These results indicate that vertical displacements measured at depth are sensitive to
hydrologic processes that change the water content in shallow soils, or the pore
pressure in the vicinity of the instrument. This suggests that vertical displacements hold
promise for hydrologic monitoring, but it points out the need to understand the factors
affecting displacements in order to properly interpret the displacement data.
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APPENDIX A: EXTENSOMETER INSTALLATION FORMS
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Soft Geomaterial Extensometer Installation Form
Scientist:

Date:

Location:

GX:

Well Number:

Funnel:

GPS:

Gauging Tool Length:

Cased Hole:
Casing type

L

Lc (Casing Length):
Lp (Protruding):
Tape

Lc

Actual

Db (Bottom Depth):
Da (Auger Depth):
(Lc - Db )

Db

GX/Funnel Dimensions:
LGX (Length GX):
LF (Length Funnel):
LF3 (Funnel part 3):

Da

LF3A (LF3 actual)
LGX

Design Specs
L c + LF4 => Mark location on rod
Tape

Actual

Funnel

Depth top of F3A :
= Depth top anchor

1

LGX - LF3A = Total Depth to Core =

LF4

2

3

Comments:
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LF3A

Hole Coring
Sampler:

Total depth to core:
Run 1

Depth:

Blows per 6 inch

Blows per 6 inch

Blows per 6 inch

Blows per 6 inch

Blows per 6 inch

Blows per 6 inch

Description:

Run 2
Depth:
Description:

Run 3
Depth:
Description:

Hole Gauging

Gauge Tool Length:______________

Gauge Tool (in) Diameter (in)

Tape depth (ft)

Actual depth (ft) From top of Cored Hole

GX Installation
Measure length on rod equal to Depth top F 3A and mark.
Blows per foot

Comments:

1
2
3
4
5
6

DTA =
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APPENDIX B: MODIFY BOUSSINESQ EQUATION FOR DISPLACEMENT
The Boussinewq equation can be modified to solve for Young’s modulus using
displacement measurements. The Boussinesq solution gives the displacement due to a point
load on a uniform half space in r, z coordinates as

z 

P(1  ) 
z2 
2(1


)

2 ER 
R 2 

(1)

where

R  z2  r2

(2)

and P is the applied force, E is Young’s modulus, and v is Poisson’s ratio. Displacement is a
function of two parameters, E and v, which must be determined in order to correlate
displacement and applied load. Poisson’s ratio of soil in most cases will be between 0.25 and
0.4, whereas E of soil ranges from 1MPa to 150MPa.
The displacement measured by the extensometer is

   z1   z 2 

P(1  ) 
z12  P(1  ) 
z2 2 
2(1


)


2(1


)





2 ER1 
R12  2 ER2 
R2 2 
R1  z12  r 2
R2 

 z1  L 

2

r

(3a)

(3b)
2

where z1 is the depth to the top anchor and L is the gauge length between the anchors. z2=z1+L.
Simplifying

   z1   z 2 

2
 z1  L  
P(1  ) R2 
z12  P(1  )R1 
2(1


)


2(1


)





2 ER1R2 
R12  2 ER1R2 
R2 2 

2

P(1  )  R2 z12 R1  z1  L 
   z1   z 2 
 2(1  )  R2  R1  
 2 
2
2 ER1R2  R1
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(4)

A reasonable estimate of Young’s modulus can be determined using displacement measured
directly below the applied load. Rearranging
2

P(1  )  R2 z12 R1  z1  L 
E
 2(1  )  R2  R1 
 2 
2
2 R1R2  R1
R2


(5)

and then assuming R1=z1=d, and R2 = z2 = d + L, where d is depth to the top anchor gives
2

P(1  )  (d  L)d 2 d  z1  L 
E


2(1


)
d

L

d




2 d (d  L) 
d2
( d  L) 2


E

(6)

P(1  )
d  L  d  2L(1  )
2 (d 2  dL)

E

P(1  ) L
1  2(1  )
2 ( d 2  dL)

P
(1  )  2(1  )(1  )
 d
2 d 1  
 L
P
(1   )  2(1   2 ) 
E
d


2 d 1  
L


E

E

P
3   2 2 
 d
2 d 1  
 L
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